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SUMMARY 
In this thesis, the experimental study reports on the ice making and defrosting of ice 
harvesting system. Two evaporator plates, which are made of copper metal, 
suspended over the insulated storage tank are tested.  The parametric effects of the ice 
harvesting system such as brine temperature, flow rate of water spraying, weight 
variation of the plates, and temperature variation of the plate surfaces are studied in 
details. In addition, the experiment with the portable power meter is conducted to 
analyze electrical power consumption for ice-making and defrosting process. The 
experiments were conducted for assorted conditions of average brine inlet temperature 
as well as the adjustable inlet gate valve to control the flow rates.  Three cycles of 
each ice-making and defrosting process, effectiveness and coefficient of performance 
(COP) of the system, and gross weight of ice production per cycle have been drawn. 
Ice layer was built on the evaporator surfaces to a thickness in ranging 5 ~ 10 mm and 
gross ice production rate was in the range from 3.28 kg/hr to 5.62 kg/hr for average 
brine inlet temperature between –3.6°C and  –5.2°C, correspondingly. The average 
electrical energy consumption was in the range from 23.72kWh to 59.14 kWh for 
total ice making and defrosting time between 24 minutes and 72 minute, respectively. 
In addition, the effectiveness of plates was in the range from 23.97% to 42.31%, and 
the range of COP was in the range from 0.128 to 0.173 when the brine inlet 
temperature is in the range from –3.6°C to -5.2°C, correspondingly. 
 
 
                                                                                                                   Nomenclature 
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NOMENCLATURE 
 
A  Area of evaporator plate surface    m2
c Specific heat capacity      kJ/kg K 
h Heat transfer coefficient     W/m2 K 
k Thermal conductivity  W/m.K 
L Latent heat of fusion kJ/kg 
m.       Mass flow rate      kg/s  
Nu Nusselt number 
q Heat Transfer Rate      W/m2
Re Reynolds Number 
RTD           Resistance Temperature Device 
S       Specific gravity 
s        Interface location in y direction     
T       Temperature      ºC 
t                 Time       Second 
U               Overall heat transfer coefficient    W/m2 K 
u Velocity of spray-water     m/s 





ρ Density        m3/kg 
µ Dynamic Viscosity     N.s/m2
∆x Length of grid along x - direction    mm 
∆y Length of grid along y - direction    mm 
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σ Surface Tension      dyne/cm 
α Thermal Diffusivity     W/m2K 
δ Thickness of ice layer     mm 
∆t Time step       Second 
Γ Water loading or flow rate     lb/hr ft 
 
Subscript 
c Copper material 
i ith node  
j jth node 
l liquid 
min Minimum (for water flow rate) 
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CHAPTER 1 
INTRODUCTION 
1.1  Background  
The use of ice storage systems for air conditioning applications is increasing due to 
the need to reduce peak power requirements resulting from air conditioning. Air 
conditioning systems are installed in most commercial and industrial buildings in hot 
humid countries such as Singapore, Thailand, and Malaysia etc. 
 
A conventional air conditioning system, which is normally operated when cooling is 
required, is the most favored option. The cooling process mostly occurs during peak 
periods resulting in high national electricity peak demand. Ice thermal storage system 
is an alterative strategy that businesses can use to avoid the high peak-load demand 
charge for space cooling.  
 
The principle of this system is that ‘coolness’ is produced at night in the form of ice 
and the ice is stored in a well-insulated storage tank. The ‘coolness’ is then extracted 
from the ice and is used for daytime cooling requirement whereby daytime peak 
demand is reduced and shifted. 
 
Ice thermal storage systems also offer an improvement on air conditioning system 
performance in view of some technical advantages. There have been a number of 
research works reporting on the benefits of ice storage systems.  
 
Ice thermal storage uses the latent heat of fusion of water (335 kJ/kg). Thermal energy 
is stored in ice at 0°C the freezing point of water. The equipment must provide 
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charging fluid at temperatures of -3°C to –10°C because the temperature range has 
been conducted [1] below the normal operating range of conventional cooling 




























Return Air Supply Air 
Figure 1.1 Plant Model of Ice Thermal Storage Application 
 
Figure 1.1 has been shown [2] the simple parallel plant model for ice thermal energy 
storage systems. This plant is a combination of chiller and ice storage, and is 
continuous in that it operates over entire range of allowable charge/discharge rates. 
The plant model is very simple; its performance is thermodynamically representative 
of typical ice storage plants. This model is realistic in commercial applications. 
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Generally, ice storage systems can be used as "Full Ice-storage" and "Partial Ice-
storage" systems, depending on the amount of air-conditioning load transferred from 
the on-peak to the off-peak period. 
 
The following figures 1.2 and 1.3 have been illustrated [3] full storage and partial 
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Figure 1.2 Full Ice-storage Systems 
 
In a "Full Ice-storage" system, the refrigeration compressor does not operate during 
on-peak periods, and all the cooling is supplied from the ice stored. 
In a "Partial Ice-storage" system, some or all of the refrigeration compressors operate 
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Figure 1.3 Partial Ice Storage Systems 
The "Partial Ice-storage" system reduces the size and cost of the ice storage tanks and 
the refrigeration compressors. However, the saving in electricity costs is not as 
significant as using the full storage because of the need to operate compressors during 
the peak period. The optimum amount of storage is achieved by maintaining a 
minimal equipment cost while maximizing electrical savings. 
1.2 Objective of Research 
The main objective of this research is to design and develop an ice harvesting system, 
and study its performance experimentally. In order to achieve this objective, the 
following tasks were carried had to be accomplished. 
 
i. To design a plate type evaporator for the ice harvesting system. 
ii. To determine ice formation rates on evaporator surfaces. 
iii. To characterize the ice-generating performance as a function of 
condensing conditions, ice making time and defrosting time. 
iv. To analyze the effectiveness of ice production. 
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v.  To evaluate the effect of refrigeration system component performance on 
the overall system efficiency. 
 
1.4 Scope of the Thesis 
This thesis is organized in six chapters, in which a brief description of the background 
and objectives are given in the introductory chapter 1. The full and partial ice storage 
systems are presented in details. The literature review is conducted and presented in 
chapter 2. Method of ice harvesting and modeling investigation, characteristic of ice 
thermal storage, and energy saving aspects are included. The details of the 
experimental investigation covering description of the experimental facility, test 
procedures are presented in chapter 3. In addition, the uncertainty analysis with 
respect to experiments also described in this section. 
 
In chapter 4, a mathematical model of the system on the surface of the evaporator 
plates has been presented. A solution procedure is also included for simulation 
program. Results and discussion on the experiments are presented in Chapter 5. In this 
chapter, the temperature profiles, weight of ice, comparison between experimental 
and simulation results for defrosting mode are included. This thesis is concluded and 
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CHAPTER 2 
LITERATURE REVIEW 
Ice storage systems, which store thermal energy, are useful in refrigeration and air-
conditioner applications. Ice thermal energy storage systems can be classified as a 
static type and a dynamic type. An internal melt ice-on-coil type, an external melt ice-
on-coil type and an encapsulated ice type are static types, and an ice-harvesting type 
and an ice slurry type have been presented [4] into dynamic types. 
 
Therefore, ice harvesting is one of the dynamic ice storage systems. Ice harvesting has 
been developed specially to meet the requirements of large commercial/industrial 
cooling systems. It is an ice-based system, which builds and stores ice, utilizing low 
cost, off-peak electrical energy. The stored ice is then employed to meet “on-peak” 
cooling requirements. Recently, considerable attention has been devoted to 
application of a plate type ice harvester. Therefore, in order to find the design, 
fabrication and development of an optimal system, reviews of previous studies have 
been undertaken, as the future research of study will depend on the current status. 
Many researchers conducted various types of experimental and numerical works on 
ice harvesting system. The literature review on ice harvesting system is presented in 
three major areas.  
• Method of ice harvesting and modeling investigation 
• Characteristic of ice thermal storage  
• Energy saving aspects 
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2.1 Method of Ice Harvesting and Modeling Investigation 
The direct and indirect ice production techniques have been discussed [5] with 
refrigeration system since 1995. The author explained if ice is formed on the 
evaporator surface of the refrigeration unit directly, the technique is referred to as 
direct ice production. In addition, if a secondary coolant is involved, the refrigeration 
system cools a brine solution (such as ethylene glycol with water) to sub-freezing 
temperatures, which in turn produces the ice on the external surface of evaporator. 
This technique is called as indirect ice production. Figure 2.1 (a) and (b) illustrate 
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Figure 2.1 (b) Indirect Ice Production 
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A new method has been developed [4] for ice-making and separating ice and saving 
floated ice by installing an evaporator plate within a storage tank. He mentioned that a 
conventional ice harvesting tank saves ice by separating a formed ice from an 
installed evaporation plate, which is located above an ice storage tank as an ice 
storage system. The authors compared the conventional and new types of making ice 
immersed in a storage tank. They have experimentally conducted the ice-harvesting 
type systems at various temperature and thermal performance characteristics in the 
tank for both the ice forming and defrosting.  It was found that a new harvest-type 
method shows better heat transfer efficiency than a conventional method. It was 
because the evaporation panel is directly contact with water moisture in a storage 
tank.  
 
The concept of ice harvesting system has been presented [1] with the ice making 
mode, and chiller mode. Figure 2.2 shows the concept of ice harvester. The author 
explained that ice harvesting system generates and releases ice layers on the 
evaporator plates. Water is pumped out of the storage tank at optimal pressure and is 
distributed over the evaporator surfaces, where it is chilled or frozen. In the ice 
making mode, a portion of the water flowing over the evaporator plates solidifies, 
forming a layer of ice that is periodically harvested or dropped into the storage tank 
below. In the chiller mode, warm return water flow insides the evaporators, is cooled 
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The operation and control of a partial storage load leveling dynamic ice storage 
system has been described [6] for about 150,000 m2 mixed-use facilities in Taiwan. 
This system includes two dynamic ice builders, screw compressors, and condensers. 
The condensers are water cooled, with roof-mounted cooling towers. The operating 
strategies recommended were based on personal experience of hands-on operation of 
the air-conditioning system for over six months during the first year of operation.  It 
emphasized the importance of understanding the system design intent and the impact 
of the thermal storage system operation on the annual building electrical operating 
cost. It presented the problems associated with the operation of a dynamic ice storage 
system and included recommendations for optimizing its operation to meet the design 
intent. It also pointed out the important role of a well-trained operator in achieving the 
maximum in operating cost savings. 
 
The performance of a commercial 30-ton dynamic ice storage system has been 
investigated [7]. Tests have shown that the unit produces and releases ice uniformly 
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from the evaporator sections. They tested the ice storage system over a wide range of 
operating conditions to characterize the ice-generating performance as a function of 
condensing conditions, ice building time, and defrosting time. The overall efficiency 
of ice production was determined. The effect of the refrigeration system component 
performance on overall system efficiency was evaluated. The ability of the charged 
system, a tank of ice slush, to meet a simulated cooling load was also evaluated. They 
have shown that if ice is stored over a larger area than that directly under the water 
distribution header, there may be some difficulty in fully melting the tank. 
 
A model has been presented [8] for predicting the net rated ice making capacity of ice 
harvesting thermal energy storage systems.  The mathematical model to be used is 
based on a combination of experimental data and the heat transfer process. He 
determined that defrost times of 30 to 60 seconds have been found practical, with 
build times of approximately 20 to 30 minutes. Ice was formed on the surface of the 
evaporator plate to about 5 to 9 mm (3/16 to 3/8 inch) thickness.  In USA, The 
Mueller Avalanche Company produces ice harvester/chillers. The ice thickness 
reaches 7.0 mm (about 5/16 inch) on the surface of evaporator plates periodically. 
They use common refrigerants like R-22, R717 etc. Capacity range for a single 
Avalanche unit is 35 through 550 Ton of Refrigeration and lager capacities are 
obtained using multiple units.  
 
2.2 Characteristics of Ice Thermal Storage 
The characteristics of six parameters influencing the ice storage system performance 
have been investigated [9] with storage losses, utility rate structures, rate periods, and 
penalty for ice making, storage capacity and the impact of loading forecasting. 
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Besides, the performance of four control strategies such as chiller priority, constant-
proportion, storage-priority, and optimal control was investigated for varying values 
of six parameters.  
 
The equations for estimating the temperature-time history in the ice layer have been 
presented [10]. The mass velocity of air and the outlet air temperature were calculated 
with integral boundary layer analysis in energy balances. During the operation of the 
cool thermal discharge, heat is absorbed mainly by melted ice, while a very small 
amount of heat is absorbed by water as sensible heat.  In USA, the Mueller Avalanche 
Company is producing the ice harvester/chillers. The ice thickness reaches 5/16” 
(about 7.0 mm) on the surface of evaporator plates periodically. They use with 
common refrigerants like R-22, R717 etc. Capacity range for a single Avalanche unit 
is 35 through 550 Ton of Refrigeration and lager capacities are for multiple units.  
 
Ethylene glycol is the most commonly applied, although other coolants may be used. 
A solution of 25% by weight ethylene glycol in water is commonly used in ice storage 
applications, with some systems using higher concentrations.  
 
The heat transfer enhancement in water when used as phase change material has been 
reported [11] in ice thermal storage systems. They mentioned sensible heat, latent 
heat, thermo-chemical heat among ice storage concepts. The authors highlighted to 
enhance the heat transfer in ice thermal storage systems. Therefore, they performed an 
experiment of an ice thermal storage tank and presented the graphs of temperature 
versus time period for ice making and defrosting process.  
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The ice formation rate around an evaporator coil has been predicted [12] with outside 
tube radius immersed in water using a simple and accurate mathematical model. He 
constructed experimental apparatus and gathered data and then he indicated 
agreement between theory and experiment, with maximum deviation occurring only 
beyond a time period of 12 hours from the onset of ice formation. 
 
Refrigeration load profile has been presented [13] with time using dynamic 
mathematical models of two ice thermal storage systems used in the food industry. 
The author mentioned that dimensionless numbers and heat transfer coefficient are 
main parameters influencing in the mathematical formulation. He investigated both 
experimental and simulation work for ice-bank system and holding tank system. A 
zoned approach mass and energy balances was applied. Heat transfer phenomena in 
the evaporator were modelled using empirical correlations. The experimental 
validation of the mathematical models on an ice-bank system at pilot plant scale, and 
a centralized refrigeration system with a holding tank in a winery showed accurate 
prediction.  
 
2.3 Energy Saving Aspects 
A computer model to compare energy use has been developed [14] in conventional air 
cooling systems and ice thermal storage systems. They simulated the partial ice 
storage and full ice storage option. Under Thailand electricity tariff rates, the results 
for the simulation showed that the full ice thermal storage can save up to 55% of the 
electricity cost required for cooling per month when compared with the conventional 
system. It was also found that using full thermal option can reduce the total energy 
consumption by 5% for the selected building.  
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The advantages of using dynamic ice harvester/chiller has been presented [15] in off-
peak air conditioning and cooling. He mentioned that it was not only reduction 
electrical demand, but was also saving electrical energy. Saving electrical demand is 
only solving one part of the problems. Off peak air conditioning and off-peak cooling 
were gaining acceptance in large and diversified applications. He explained that if the 
electrical utility provides 1.2 kW per ton (compressor and all auxiliaries) of air 
conditioning and the electric and generating facilities cost $2,000 per ton, then the 
cost of the power to run the air conditioning is $2,400 per ton. As a result, he 
concluded that properly designed weekly ice harvester/chiller systems can operate at 
0.6kW/ton (compressor and all auxiliaries), so the savings is 0.6kW/ton or $1,200 per 
ton. 
 
The performance of optimal to conventional control has been investigated [3]. The 
minimization uses either energy. His findings indicated that for the design day there is 
no difference in energy consumed for chiller priority, storage priority and optimal 
control (minimum energy charge). The reason is that for a well-designed system the 
chillers have to operate at full capacity during on-peak and off-peak periods to meet 
the design day building‘s cooling load regardless of the control strategy employed. 
Load leveling storage priority control was found to be close to the demand charge 
optimum and consequently, is considered near optimal in terms of energy savings.  
 
Cool storage technologies including ice harvester has been conducted [16] to improve 
energy efficiency, enhance customer comfort and reduce peak system demands to 
large commercial buildings and industrial process. De-regulation of electric utilities 
changed the market conditions – future electric prices were discounted and demand 
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side management (DSM) programs and rebates were eliminated.  They also indicated 
that ethylene glycol solution mixing with water was used as a secondary fluid instead 
of refrigerant for part of the system. This reduces the first cost of the unit by allowing 
heat exchangers, and it eliminates the need for the refrigerant pump. The authors 
provided example of successful applications in multifamily dwellings from South 
Africa. The benefits have received the electric utility by shifting peak electric demand 
to off-peak periods, and better utilizing assets. It was likely to be that if rates are in 
place that significantly discount electricity during off-peak periods, the homeowner 
could enjoy lower operating costs. 
 
An ice-based thermal storage system has been reported [17]. This design reduced 
electrical demand, exploit time-of-day rates and remain totally transparent to a 
building’s occupants. He also mentioned that the chiller’s secondary coolant is a 25% 
to 30% ethylene glycol/water solution in ice storage systems. He described chiller 
capacity in two modes – a conventional daytime cooling capacity and a nighttime, ice-
making capacity, which is typically 65% to 70% of the daytime value. He estimated 
the ice storage capacity to meet the daytime cooling load requirement approaching 
both partial and full ice storage systems. 
 
An energy conservation plan has been reported [18] using ice energy storage. They 
highlighted the development of cold air distribution system using large scale ice 
energy storage was adopted to use electric power effectively. They presented that a 
cooling air distribution system supplies cold air at a temperature 10◦C directly into the 
rooms. As cold air has a heavy density and the volume of supplied air is reduced in 
this system, the air outlet needs high diffusibility. They developed a diffusing system 
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which uses a kind of circular movement. As air volume is reduced, the size of air 
ducts and the capacity of the blowers can be decreased.  It was possible to lower the 
storey height by passing ducts through beams. They achieved that energy 
consumption for the fan motor reduced 40% than that of conventional system.  
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The experimental setup for ice harvesting system was designed, fabricated, and tested. 
This project deals with the ice forming and defrosting process on the two evaporator 
plates. The details of the system have been explained in the following section. 
 
3.1 Experimental Setup 
As shown in Figure 3.1, the experimental setup was designed and fabricated for the 
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Figure 3.1 Schematic Diagram of Experimental Set-up 
 
The experimental setup is mainly composed of the refrigeration unit, brine circulation 
system, spray water circulation system, hot liquid circulation system, data collecting 
system, and two evaporator plates assembly with an ice storage tank, which 
Chapter 3                                                                                Experimental Programme 
Ice Harvesting System: An Experimental Investigation 17
accumulates ice. The piping lines of brine, water, and hot liquid were insulated to 
prevent heat losses from the coolant to ambient. Figure 3.2 and 3.3 also show the 
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Figure 3.2 Photograph of Experimental Set-up (Front View) 
The two evaporator plates are arranged in vertical bank inside the storage tank (above 
storage water level). Water is pumped from the storage tank at low head and 
distributed over the evaporator surfaces, where it flows in a thin film down the surface 
and returns to the storage tank by gravity. If the water temperature is low, some of the 
water is frozen into ice sheet. If the water temperature is warm, the evaporator 
functions as a chiller. The hot liquid, a mixture of 25% of ethylene glycol solution and 
75% of water is introduced for the purpose of ice defrosting from the evaporator 
surfaces. Periodically, the ice is released from the evaporator surface by supplying the 
hot liquid to the evaporator. To control the ice generation mode, gate valves and on-
off switches are installed in the system.  
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Figure 3.3 Photograph of Experimental Set-up (Side View) 
 
3.1.1 Brine Circulation and Water Circulation System 
Figure 3.4 shows the combination of brine circulation and water circulation system. 
The brine circulating system consists one set of condensing unit, an expansion valve, 
a brazed plate heat exchanger, a flow meter, and a centrifugal pump for brine 
circulation. In addition, two RTDs were connected to measure the brine temperatures 
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F1 = Flow Meter for Brine 
F2 = Flow Meter for Water Spraying 
 
Figure 3.4 Schematic Diagram of Brine Circulation and Water Circulation System 
 
A set of condensing unit is composed of a fully hermetic reciprocating compressor, 
fin and tube air-cooled condenser, and a three phase induction motor. Figure 3.5 































Figure 3.5 Air-Cooled Condensing Unit 
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The type of expansion valve is thermostatic type. Solenoid valve is also installed 
upstream of expansion valve. A brazed plate heat exchanger is installed in the 
refrigeration system. It is used to cool down of brine circulation to the two-evaporator 
plates. A flow meter was connected into the piping line between the heat exchanger 
and inlet of the evaporator plates. Therefore, the flow rate of brine solution was 
controlled for the inlet to evaporator plates. This flow meter is a variable-area type 
and operates on the float principle. To avoid a bulge (over-expansion) inside 
evaporator plates, one small tank was put over-head of this system, which the piping 
was connected into the inlet line of the centrifugal pump. Twenty five percent of 
ethylene glycol and 75% of water was added inside the over-head small tank.  
 
In the water circulating system, water is sprayed over the plates using a centrifugal 
pump to form the ice layer on the surface of the evaporator. Cold bath is used for pre-
cooling the water, which in turn cool the water flowing through the cooling coil. The 
cold bath has a working temperature range of - 40°C to 150°C with a cooling capacity 
of 550 W at 0°C. The cold bath is being filled with brine solution (25% of ethylene 
glycol + 75% of water) to chill the water that is flowing through the immersed cooling 
coil. 
 
3.1.2 Hot Liquid Circulation System 
The purpose of the hot liquid circulation system is to supply the hot liquid for the 
defrosting of ice layer from the surfaces of two evaporator plates after ice is formed 
on it. This system consists of an electric water heater tank, a cylindrical storage tank, 
one centrifugal pump, and one expansion overhead small tank. Two RTDs were also 
connected to measure the hot liquid temperatures at inlet and outlet of the evaporator 
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plates. Twenty-five percent ethylene glycol and 75% water mixture was added inside 
the water heater to avoid freezing inside the evaporator plates while supplying the hot 









 (25% Ethylene 












Figure 3.6 Hot Liquid Circulation System 
The heater with a capacity of 4.5 kW was used to maintain the temperature of the 
well-insulated storage tank of capacity of about 1000 liters (1.0 m3). The water was 
continuously circulated through the heater and storage tank to maintain the required 
temperature of water. A centrifugal pump driven by ¾ horse power, single-phase 
induction motor was used to circulate the liquid. 
 
3.1.3 Data Collecting System 
A Hewlett Packard model Agilent-34970A-data acquisition/switch unit and a PC 
dedicated to the data logger were used in the data collection. The data logger can 
accommodate a maximum of three detachable modules and each module can receive a 
combination of twenty-two AC and DC voltages, AC and DC current, and sensors 
simultaneously. Fourteen RTDs and two load-cells were used to measure the 
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temperature and weight in the experiment. For load cells, voltage ratio (mV/ V) was 
converted into weight unit (kilogram) on data logger. The computer consists of a 
Pentium II Processor of 320 MHz speed with 64.0 MB RAM and has hard disk 
capacity of 6.0GB. A Software program (Bench Link Data Logger software) with the 
data logger was used to acquire data and on-line monitoring of the system variables 
being measured during the experiments. 
 




















Figure 3.7 Ice Making Plate with Water Spraying Distributor 
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The two evaporator plates were placed inside the ice storage tank. These plates were 
made of copper because this metal has high thermal conductivity for efficient heat 
transfer. This decision is based on to the ASHRAE handbook, 1985. Figure 3.7 
illustrates the ice making plate with water spraying distributor. 
 
Ten RTDs for surface temperature measurements are equally installed on the two 
evaporator plates. The size of the evaporator plate would be a preliminary design 
parameter. The experimental outcomes possess a wider design acceptance, if the 
condensing time is comparably long. There are evaporator plates and water-spraying 
distributors for two sets of ice making equipments, which are made of copper sheet 
(For details, see Appendix -D). 
 
The storage tank is made of rough steel material in rectangular shape (Dimension: 
Length x Width x Height: 860 x 660 x 800 mm including 25-mm insulation 
thickness). This rectangular storage tank insulates at exterior walls to maintain the 
temperature differential in the tanks. Insulation is important for smaller storage tanks 
because the ratio of surface area to stored volume has been presented [1] relatively 
high. [1].  
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Table 3.1 Specification Data of the Main Components 
No Particular Specification 
1. Air Cooled Condenser unit 
Includes a fully hermetic reciprocating compressor 
(Range: 2.232 ~ 2.772 kW), a fin and tube air-
cooled condenser, and a three phase induction 
motor 
2. Evaporator Plate( 2 numbers)
Material: Copper Plate (2 mm thickness) 
Dimension: 650 x 500 x 20 mm  
3. 
Ice storage tank (With 
insulation) 
Material = Rough Steel x insulation foam 
Dimension (L x W x H) = 800 x 600 x 850 mm  
4. Brazing plate heat exchanger 
Working pressure = Vacuum 
Working temp = +175 °C (Max) and – 160°C (Min)
Volume = 6.5 @ 6.75 liter, Flow = 39 m3/hr 
Total Weight = 31 kg 
5. Cold bath 
Overall dimension = 38 x 46 x 74 cm 
Weight = 45 kg 
Cooling capacity = 300, 550, 700 W at –20,0,20°C 
respectively 
6. 
Centrifugal Pump – (3 sets 
for brine, water & hot liquid 
system) 
Power = 372.85 W 
Max pressure head = 40 m 
Max flow rate = 40 l/min 
7. Water Heater tank  4.5 kW, 240 Volts, 1 phase, 50 Hz  
8. 
Cylindrical water supply 
tank  
Height x Diameter =  1800 mm x 300 mm 
Capacity =  145 gallons  
 
3.2 Experimental Procedure 
It is important to make sure the right experimental procedures to get the accurate and 
meaningful results.  
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3.2.1   Preparation Work 
The following steps were performed exactly before taking all measurements.  
i. Check all gate valves to ensure the ice making and defrosting mode 
dramatically. 
ii. Fill the water into the insulated storage tank until water level near bottom 
of the evaporator plates. 
iii. Fill the brine solution (a mixture of 25% ethylene glycol and 75% water) 
into brine piping system through over-head tank opening, cold bath and 
water heater. Also switch on the refrigerating compressor and brine 
pump, and wait to reach continuous brine circulation in piping line and 
inside the two evaporator plates.  
iv. Switch on the cold bath and water circulating pump and wait to reach 
desired setting temperature. 
v. Fix the insulation cover over the ice storage tank to avoid heat loss 
between tank and surrounding. After that, adjust flow rates of brine, and 
water spraying in their flow meters. 
vi. Switch on the DC power supply and set the desired voltage and current 
value on DC power supply. Also switch on the data acquisition system 
and personal computer to capture the data 
 
3.2.2   Temperature Measurement 
As shown in Figure 3.8, ten RTDs were used to measure the surface temperature of 
the two evaporator plates in the experiment. In addition, two RTDs for brine inlet and 
outlet, one RTD for spray water, and another RTD for hot liquid were used to 
measure their temperatures respectively. Each RTD was connected to the respective 
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channel of the data logger and calibrated for the temperature measurements. All RTDs 
were calibrated against mercury glass thermometer which has accuracy ± 0.05 by 
immersing them in a constant temperature cold bath which is filled with brine solution 













































































Note: All dimensions are in millimeter (mm) 
 
 RTD  Flowmeter F 
Sight GlassSolenoid ValvealveManual V
Figure 3.8 Schematic Diagram for RTDs and Load Cells Locations in the Setup 
Chapter 3                                                                                Experimental Programme 
Ice Harvesting System: An Experimental Investigation 27
3.2.3 Ice Forming Weight Measurement 
The two load cells were used to measure the weight progression of the two evaporator 
plates. As shown in Figure 3.8, these load cells were hung over the plates and 
connected with the data acquisition unit to collect the data with PC (Personal 
Computer). A load cell is a transducer that converts load acting on it into an analog 
electrical signal. This conversion is achieved by the physical deformation of strain 
gages, which are bonded into the load cell beam and wired into a wheat-stone bridge 
configuration. Weight applied to the load cell either through compression or tension 
produces a deflection of the beam, which introduces strain to the gages. The strain 
produces an electrical resistance change proportional to the load. 
 
Figure 3.9 Load Cell 
In the set up, load cell is S beam type as shown in Figure 3.9. The S-Beam load cell 
was provided weight output under tension. 
 
3.2.4 Electrical Power Measurement 
In this experiment, a DC current inverter and a portable power meter were used to 
measure electrical power (kW). Electricity consumption was monitored during ice 
making and defrosting process. 
 
 
Chapter 3                                                                                Experimental Programme 
Ice Harvesting System: An Experimental Investigation 28
3.2.5 Recording the Experimental Data 
After switch on the compressor and brine pump for running the refrigeration unit and 
circulation of brine solution, a waiting time period is necessary to reach a continuous 
flow inside their piping for steady state condition. When all the conditions have 
reached steady state, the water pump is switched on for spraying over the two 
evaporator plates. After that, the flow rates of brine water and spraying water are 
adjusted for further experiments. Simultaneously, the insulation cover is placed on the 
top of the storage tank to avoid heat transfer loss between tank and environment. The 
surface temperatures of ice making plates, brine inlet and outlet temperature, and 
water spraying temperature connected with RTDs are recorded by an Agilent Data 
Acquisition System 34970A. Furthermore, weight of two plates connected with two 
load cells are also recorded by an Agilent Data Acquisition System 34970A.The 
voltage and current of inverter are adjusted and recorded from digital DC power 
supply. Moreover, a portable power meter is switched on to monitor and record for 
electrical power consumption. In addition, brine inlet flow rate is recorded from a 
flow meter. Also, water flow rate is recorded for the experiments. 
 
The experiments are conducted to investigate and determine for the temperature 
variations and weight variations of the plates in one cycle and three cycles. One cycle 
includes one ice making mode and defrosting mode. Moreover, the experiments are 
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3.3 Uncertainty Analysis 
 
Uncertainty analysis is a tool, which is used to make decisions in each phase of 
experiment. Experiments are performed to find the answer to a question and the 
answer is needed within some uncertainty, the magnitude of which is usually 
determined by the intended use of the answer. There is no such thing as a perfect 
measurement. All measurement of a variable contains inaccuracies and it is very 
important to have an understanding of these inaccuracies when the experiments are 
conducted.  
 
Uncertainty analysis of any proposed experiment has been presented [19] in the 
planning stage itself of an experiment, providing guidance for both the overall plan 
and for the execution of the details. The term “error interval” or “uncertainty interval” 
are commonly referring to the interval around the measured value within which the 
true value is believed to lie. The error analysis or uncertainty analysis refers to the 
process of estimating how great an effect the uncertainties in the individual 
measurements have on the calculated results.  
 
If the result R of an experiment is calculated from a set of independent variables so 
that, . Then the overall uncertainty can be calculated 
using the following expression: 
).........,,,( 321 NXXXXR =
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Re    (3.2) 
In this experiment, we have to relate this uncertainty with those independent 
uncertainties involved. This can be done as shown below:  
Table 3.2 Fixed Error of Sensors Based on Calibrated Data 
No Sensors Percentage error
1. RTD sensors for surface temperature  
(RTD-101,102,103,104,105,106,107,108,109 
&110) 
± 1.5  
2. Load cells ± 1.8 
 
In addition, the errors are determined according to the manufacturer’s data of 
equipment used.  
Table 3.3 Fixed Error of Sensors Based on Manufacturer’s Specification 
No Sensors Percentage error 
1. RTD sensors for surface temperature  
(RTD-111, 112, 113 & 114) 
± 1.60 
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CHAPTER 4 
MATHEMATICAL MODELING  
 
4.1 Introduction 
Prediction of ice forming and defrosting is required for efficient design of ice thermal 
storage systems. Recently, the efficient numerical methods for ice forming and 
defrosting have been developed using the finite difference method, the enthalpy 
method, the boundary fixing method, and the growth ring method. Many of those 
methods have dealt with the steady state heat transfer both in solid and liquid region. 
In this study, the modeling formulae have been transformed using finite difference 
method and then have been simulated by solving Fortran Program. 
 
4.2 Assumptions 
In the present investigation, two dimensional transient heat transfer referred as phase 
change problem of melting associated by solidification (freezing) process is analyzed 
numerically using finite difference method. 
 
The following assumptions are made to simply the problem. 
• Brine temperature inside hollow plate is taken in average. 
• Two-dimensional temperature distributions on the evaporator plate surface. 
• Laminar flow with constant density of fluid over the plates. 
• Insignificant viscous heat dissipation and radiative heat transfer. 
• Density difference between ice layer and falling water is negligible. 
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4.3 Mathematical Formulation 
Phase change problems have numerous applications in such areas as the making and 
defrosting of ice, the freezing of food, the solidification of metals in castings, and 
many other applications. The transient heat-transfer problems involving ice forming 
or defrosting are generally referred to as “phase change” or “moving boundary” 
problems. Phase change problems exist at the interface, which separates the solid and 
liquid phases.  
 
The interface between solid and liquid phases moves continuously as the latent heat is 
absorbed or released at the interface. Thus, solution of phase change problem is 
inherently difficult and rare to have analytic solution of it. 
 
The resulting equations of conservation of energy are solved in each phase (solid and 
liquid). The motion of melting front is governed by an energy balance at the interface.  
The following model equations are for the one-dimensional analysis. Therefore, the 
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The governing equations for a two-dimensional (x, y) phase change process, assuming 
laminar flow has also been conducted [21] with insignificant viscous heat dissipation 
and insignificant radiation heat transfer are as follow.  
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4.3.1 Governing Equations 
According to the above mentioned equations, the following equations are made for 
simulation program. In physical model, there are three layers such as brine, 
evaporator plate, and ice layer.  The temperature of brine solution inside the copper 
plate varies with different inlet temperature of it. Here, the temperature of brine inside 
the plate was assumed in average value over the plate surface to simulate clearly. 
For brine solution, temperature is taken in average. 
Tbine = Taverage        (4.1)
 





















ρ      (4.2)  
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Figure 4.1 Physical Diagram of Plate 
The initial and boundary conditions are as follow. 
 
  
T(x,y,t) = Thot  =  50˚C (323.15K) at t ≥ 0 s, y = 0, 0 ≤ x  ≤ 0.5 m 
 
  
T(x,y,t) = T0  = 0˚C (273.15K)            at t ≥ 0 s, y =  0.01 m 
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T  at t ≥ 0 s, x = 0.50 m 
 
4.4 Transformation into Finite Difference Formulation 
Finite differencing with an explicit scheme was utilized. Fixed grid structures (5 x 20 
for copper section and 20 x 21 for ice layer section) were devised. Before formulating 
the finite difference equations, the variables in the governing equations were 
transformed twice in order to fix the moving boundary and divide the real space near 
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Brine Section, Tbrine = average 
 
Figure 4.2 Two Dimensional Transient Composite Section  
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By using the finite different form, the following equations are illustrated. 
 































































































































































⎛= +−+ρ   
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⎛= +−+−ρ  
 
4.5 Program Solution Procedure 
The governing equations 4-1, 4-2, and 4-3 for defrosting process are solved 
simultaneously with the given boundary conditions using Adams-Moulton's and 
Gear's BDF method under IMSL Math Library, Fortran Programming Software.  
 
In the program writing, the main data and properties of brine, ice layer, and copper 
metal such as temperature, thermal conductivity, density, and specific heat capacity 
were introduced firstly. After that, governing equations were written into Fortran code 
of every node for ice section and evaporator plate section. The thickness of evaporator 
plate section (copper metal) and ice layer are identified with 2 mm and 10 mm 
respectively. The initial temperatures of hot water and ice were taken as a known 
input. Two non-linear second differential equations are solved using Adams-
Moulton's and Gear's BDF method. Time limitation of 90 seconds is assumed to 
compare with experimental data simply. Figure 4.3 shows the sequence of the various 
steps of program solving procedure. 
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Give ∆x, ∆y, ∆t, and tcycle 
For copper plate section, i = 20, j = 5 nodes 
For ice layer section, i = 20, j = 21 nodes 
Give initial temperature of surface with Tice = 
273.15 K (0°C), Thot-water & t = 90 s
Write Fortran code for every node and solve Ti+1 
, Tj+1  using Adams and Gear’s Scheme 
WRITE file names for output data 
OPEN the files 
END of program
Setting of properties for brine, copper, and 
ice and necessary parameters 
 
Figure 4.3 Flow Chart of Fortran Program 
 
Chapter 5                                                                                   Results and Discussions 
Ice Harvesting System: An Experimental Investigation 39
CHAPTER 5 
RESULTS AND DISCUSSION 
 
Using the experimental procedure and data collection method outlined in Chapter 3, 
the experiments were carried out to evaluate the thermal performance of the system. 
The performance of the ice harvesting system has been characterized by different 
parameters: temperature of brine inlet, total weight of ice produced, ice formation 
rate, average energy consumption, kilowatt per ton of ice produced and coefficient of 
performance. Moreover, the experimental and simulation results of temperature 
variation for the defrosting process were compared. However, it was so complicated 
to simulate of transient condition for the ice making process. Therefore, it was unable 
to present in this section. 
 
5.1 Temperature Variation 
The experiment was carried out to investigate the temperature variations on the 
surface of two evaporator plates during ice making and defrosting processes. The 
results obtained from the temperature measurement on the plates surfaces are 
discussed in this section.  
Figure 5.1 and 5.2 show the temperature variations of the plate surface, which were 
measured by ten RTDs installed with two evaporator plates during ice making 
process.  
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Figure 5.2Temperature Variation of Surface of Plate No-2 during Ice Making Process 
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It is seen that the plate surface temperatures were gentle fluctuated a decline in the 
curves.  It is observed that those curves are represented temperature variations of plate 
surfaces of total time for ice making. In the ice making process, it can be attributed 

























Figure 5.3Temperature Variation of Surface of Plate No-1 during Defrosting Process 
 
As shown in Figure 5.3 and 5.4, it can be seen that the temperature variations for two 
evaporator plates of surfaces were fluctuated with time during defrosting process. The 
finding shows that time for defrosting process was about 80 Seconds. 
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Figure 5.4Temperature Variation of Surface of Plate No-2 during Defrosting Process 
 
It was obvious that the performance of ice making process would not be efficient in 
the system if the evaporator surface temperature was not enough to make ice. Initially, 
the spraying water was chilled in the storage tank before ice forming on the plate 
surface and ice was formed on it continuously. 
5.2 Weight Variation 
It was found that ice is built on the two evaporator plate surfaces to a thickness in 
range 5 ~ 10 mm. In this experiment, each load cells was hung with a chain rope over 
each evaporator plates to monitor the weight variations during ice making and 
defrosting processes. The evaporator plates with ice formation were measured using 
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Figure 5.5 Photograph of Ice Formation on the surfaces of Evaporator Plates 
 
The ice formation on the surfaces of two evaporator plates is illustrated in Figure 5.5. 
This finding shows that ice layer was not uniform on the surface of evaporator plates. 
In the experiment, small holes, each with 1.5 mm diameter, were drilled onto the tube 
connected to the distributor for water spraying over the two-evaporator plates (See 
Appendix-D). It was very difficult to get uniform water falling film on the plate 
surface using water-spraying distributor.  
 
The experiment was conducted one cycle that this includes one ice making process 
and one defrosting process in the system. Figure 5.6 and 5.7 show the weight and 
temperature variations during once cycle for the ice formed evaporator plate number 1 
and 2 respectively. This work was tested with -5.0◦C brine inlet temperature of the 
plates. 
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 Figure 5.6 Variations of Weight and Average Surface Temperature of Evaporator 





























 Figure 5.7 Variations of Weight and Average Surface Temperature of Evaporator 
Plate No-2 for One Cycle 
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Hot liquid valve 
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Weight of ice formed 
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Figure 5.8 Variations of Weight and Average Surface Temperature of Evaporator 
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Weight distribution, kg
Average plate temp,°C 
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Brine Inlet Temp = - 5.0◦C 
Figure 5.9 Variations of Weight and Average Surface Temperature of Evaporator 
Plate (No-2) for Three Cycles 
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In addition, the experiments for three cycles have been performed to present the 
important valuable parameters. As shown in Figure 5.8 and 5.9, the weight and 
temperature variations of the two evaporator plates are presented at -5.0◦C brine inlet 
temperature. 
Generally, it was found that the temperature difference between brine inlet and outlet 
is about 4°C. It can be attributed to the fact that this temperature difference affects 
energy consumption during the ice making process. 
As presented in the previous chapter, one plate type heat exchanger was allocated 
before ice storage unit. This is due to the fact that the purpose is to cool down the 
brine (mixture of 25% of ethylene glycol and 75% of water) circulation in the system. 
R-134A (Tetrafluoro ethane, CH2FCF3) is used as a refrigerant in the refrigerating 
system.  
 
5.3 Effects of Water Flow Rate on Ice Making 
A series of experiments were conducted under three different flow rates of spraying 
water, with 1.0 l/min, 1.5 l/min, and 2.0 l/min respectively. 
 
Figure 5.10 shows the effect of the water flow rate on the total time of ice making 
process. It was investigated that the temperature of plate surface is varied with the 
flow rate of spraying water by adjusting the inlet gate valve of it during ice making 
process.  
 
Chapter 5                                                                                   Results and Discussions 



















Figure 5.10 Variation of Total Ice Making Time with Flow Rate of Water 
As seen from Figure 5.10, the total time of ice making process increases with slower 
flow rate of spraying water. In addition, the finding was found that the experiment 
under 1.0 l/min flow rate of spraying water is better than other two experiments 
because total ice making time with 1.0 l/min water flow rate is shorter than other two 
experiments of it to form ice layer on the plate surface. It can be attributed to the fact 
that ice making times with 1.0 l/min, 1.5 l/min, and 2.0 l/min water flow rate are 1580 
seconds, 1740 seconds and 2540 seconds respectively.  
 
It reveals that ice making time with 2.0 l/min water flow rate is longer than ice 
making time with other two flow rates although each increment of flow rate is in the 
same of 0.5 l/min. 
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Figure 5.11 and 5.12 show the graphs of temperature versus places of two evaporator 
plates at 1.0 l/min water flow rate. To present clearly, those graphs have been drawn 
with times of 0 sec, 800 sec and 1580sec for the surface temperatures of plates.  
 
At t = 0 sec, the temperatures of evaporator plate number (1) were 18.5◦C, 19.2◦C, 
and 20.3◦C for the bottom, middle, and top of the plate respectively. At t = 1580 sec, 
the temperature of evaporator plate number (1) were -2.7◦C, -2.1◦C, and -1.9◦C for the 
bottom, middle, and top of the plate respectively. Similarly, at t = 0 sec, the 
temperatures of evaporator plate number (2) were 18.1◦C, 18.8◦C, and 19.4◦C for the 
bottom, middle, and top of the plate respectively. At t = 1580 sec, the temperature of 
evaporator plate number (2) were -2.7◦C, -2.4◦C, and -2.0◦C for the bottom, middle, 
and top of the plate respectively. These results show that the temperature of bottom of 
the plate was lower than top of the plate. Therefore, this finding reveals that ice layer 
was formed in the lower part of plates is thicker than upper part of the plates because 
of longer cooling time for film as it falls. 
 
5.4 Defrosting Process 
 
This work has been conducted in hot liquid defrosting of the two evaporator plates. 
The purpose of defrosting is the separation of ice from the plates and storing in the 
tank. Figure 5.13 represents a starting condition of defrosting process, which the 
melting was occurred during hot liquid supply into the evaporator plates.  
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Figure 5.13 Starting Condition of Defrosting from Evaporator Plate Surface 
 
The following photographs Figure 5.14 (a) to (f) show the conditions of defrosting 
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Melted ice profile 
as loss  
(c)       (d) 
 
(e)       (f) 
Figure 5.14 Photographs of Defrosting  
Ice layer after separating 




It is observed that the heat transfer area and weight losses have been associated with 
the defrosting process. It was found that heat transfer area of the two evaporator-plate 
surfaces can be reduced during hot liquid supply and some of ice formation was 
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5.5 Performance of Ice Harvesting System 
5.5.1 Effectiveness 
The effectiveness is a convenient way to represent the performance of ice thermal 
storage systems. The effectiveness for ice storage systems, especially external ice 
making, has been presented [22] that is taken from heat exchanger theory. In an ice 
storage system, the actual heat flow is the secondary fluid capacitance rate times the 
difference in temperature between the inlet and outlet. The maximum heat flow would 
occur if the secondary fluid outlet temperature was the lowest possible temperature, 
which is the freezing point temperature of water.  
 
The effectiveness is defined as the ratio of the actual heat flow rate to the secondary 
fluid to the maximum heat flow. Thus, 
 
   Actual heat flow to the secondary fluid 
Effectiveness  =       __________________________________ 
   












In the present study, effectiveness is based on the net energy gained for maximum ice 
production per batch, which includes ice making and defrosting processes. During 
defrosting process, some ice layers were melted in the water. This means that heat and 
mass transfer losses occur during defrosting process due to melting. As a result, 
effectiveness of ice making plates can be defined as: 
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                              Energy to produce the ice 
Effectiveness of ice-making plates =      ____________________________________ 
   







Where   LmQ neticeice
.
,=











(See Appendix B for sample calculation) 
 
5.5.2 Coefficient of Performance 
Coefficient of performance (COP) is represented as a main parameter of ice 
harvesting performance. Coefficient of performance (COP) can be defined using 
chiller efficiency formulation as follow.  In this ice making system, the electricity 
power is supplied by compressor.  
 
           Useful effect in ice-making 
COP =     __________________________    
 kW of Electricity  
 
 
                  [(Net ice produced /Ice making time) x Latent Heat of Fusion] 
         =     ______________________________________________________  




Figure 5.15 illustrates the variation in COP with brine inlet temperature to the 
evaporator plates for ice harvesting. 
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 Figure 5.15 COP of Ice Harvesting versus Brine Inlet Temperature       
The rate of increase in COP as the brine temperature of evaporator plates reduces, 
which is found to be linear initially from 269.55 K to 269.15 K. However, below a 
brine temperature of 268.75 K, the increase in COP versus temperature increases 
dramatically. It can be attributed due to the fact that brine inlet temperature decreases 
after 268.35K with slower of COP improvement. 
 
The detailed measured data of ice-making and defrosting processes are shown in table 
5.1 (See Appendix B for details). It is noted the air inlet temperature of condensing 
unit is about 20°C for the above mentioned test conditions. It is emphasized that the 
above COP – inlet temperature of brine behavior is quite opposite to the conventional 
refrigeration system. This is because the experimental refrigeration unit employs a hot 
gas by-pass system for control of the steady inlet brine temperature. 
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5.6 Experimental and Simulation Results for Temperature Variation 
In this section, a comparison of experimental and simulation result for average 
temperature variation of the plate is presented. Result obtained from the simulation is 
in two dimensional. Therefore, results from both simulation and experiment were 
adjusted in average to compare each other. In addition, to compare simulated result 
with experimental result, identical data with the time limitation of 90 seconds was 
used. By using presented modeling formulation in previous chapter, a comparison 
between average plate temperature of experimental data and simulation results for the 
defrosting process could be presented. For ice making process, it was so complicated 

























Figure 5.16 Comparison of Experimental Data and Simulation Results on Average 
Temperature of Plate (No-1) in Defrosting Process 
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Figures 5.16 and 5.17 show experimentally observed transient response of the 
defrosting process in average temperature profiles for plate surfaces. It can be seen 

























Figure 5.17 Comparison of Experimental Data and Simulation Results on Average 
Temperature of Plate (No-2) in Defrosting Process 
 
As shown in figure 5.17, temperature variation curve of plate no-2 from experimental 
data is lower than curve of simulation results. It is seen that mass flow rate of hot 
water in plate no-2 is slower than plate no-1. As a result, the temperature of plate no-2 
is lower than that of plate no-1 because mass flow rate is directly proportional to heat 
transfer area of plate surface. 
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An ice harvesting experimental test facility has been fabricated with two sets of 
evaporator plate and water spraying distributors. Tests were conducted according to 
the design guidelines of ASHRAE Handbook. The following conclusions can be 
drawn. 
 
i. Steady state tests for five assorted inlet temperature of brine to the plates 
were conducted. For each test, the inlet temperature of brine was held 
within ± 0.4Cْ for a minimum period of 20 minutes. 
ii. Ice layer was built on the evaporator surfaces to a thickness in ranging  
5 ~ 10 mm and gross ice production rate was in the range from 3.28 kg/hr 
to 5.62 kg/hr for average brine inlet temperature between –3.6°C and   
–5.2°C, respectively.  
iii. The average electrical energy consumption was in the range from 
23.72kWh to 59.14 kWh for total ice making and defrosting time between 
24 minutes and 72 minute, respectively. 
iv. For the ice harvesting performance, the effectiveness of plates were 
represented by 23.97%, 24.93%, 31.63%, 36.50% and 42.31% for –3.6°C, 
–4.0°C, –4.4°C –4.8°C  and  -5.2°C, of average brine inlet temperatures.  
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v. In addition, the range of COP varies from 0.128 to 0.173 when the brine 
inlet temperature is in the range from –3.6°C (269.55K) to -5.2°C 
(267.95K), correspondingly. 
vi. Modeling has been successfully conducted for the defrosting period. 
  
6.2 Recommendations 
As shown in the previous chapter, physical form of the brine solution when it passes 
through the plates is an important factor that affects the heat exchange rate. Future 
studies can be conducted to control the more exact inlet flow rate of both evaporator 
plates.  To employ the supplying of freezing water in air-conditioning system, 
improvement of current methods is required. Some of the recommendations for the 
future studies in the ice harvesting storage technology are as follow: 
 
• The piping connection to the evaporator plates should be rearranged to 
enhance the ice storage performance because new types of making ice 
immersed in a water tank has been conducted [4] that is highly efficient as 
compared to conventional methods. 
• To improve manual controlling of the gate valves, a PLC based automatic 
control system should be installed for the cold brine and hot brine flows in ice 
making and de-icing mode respectively. The PLC system can provide for 
accurate timing of harvesting mode. 
• For numerical study, since present transient models with heat convection 
effect available in real world do not much succeed in accurately predict the  
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heat and mass transfer of plate surfaces. There is much scope for development 
of suitable models. 
• The water distributor with very small holes can be designed to get better 
uniform water spray falling film.  
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Appendix A. Calibrations 
A.1 Temperature Calibration 
Table A.1 Calibration Table of RTDs for Liquid 
RTD  Calibration Offset Values 
RTD 111 - Brine Inlet y = 1.0006x + 1.1274 
RTD 112 - Brine Outlet y = 1.0011x + 1.0408 
RTD 113 - Spray Water y = 1.0023x + 1.1548 
RTD 114 - Hot Liquid (Inlet) y = 1.0052x + 1.2096 
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Figure A.1 Calibration Graph for Brine Inlet  (RTD-111) 
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Figure A.2 Calibration Graph for Brine Outlet  (RTD-112)  






















Figure A.3 Calibration Graph for Water Spray  (RTD-113)  
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 Figure A.4 Calibration Graph for Hot Liquid Inlet  (RTD-114) 
Table A.2 Calibration Table of RTDs for Two Evaporator Plates Surface 
Number RTD  Calibration Offset Values 
Evaporator RTD 101  y = 0.9998x + 1.0005 
Plate RTD 102 y = 0.9987x + 1.0118 
No-1 RTD 103  y = 0.9995x + 1.0012 
 RTD 104 y = 0.9989x + 1.0092 
 RTD 105  y = 0.9990x + 1.0058 
Evaporator RTD 106 y = 0.9997x + 1.0008 
Plate RTD 107  y = 0.9996x + 1.0015 
No-2 RTD 108 y = 0.9988x + 1.0106 
 RTD 109  y = 0.9993x + 1.0007 
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A.2 Flow Meter Calibration 
A total of two flow meters have been used in the experimental set-up, one for 
measuring the flow rate of the water and the other for measuring the flow rate of the 
ethylene glycol. The graphs for the calibration of the flow meters have been placed in 
section A2 of the appendix and the following equations have been obtained from the 
calibration of the flow meters: 
 
Flow meter for water: y = 0.0317x + 0.059 
Flow meter for ethylene glycol: y = 0.0162x + 0.0019 
Where y = Flow rate (kg/s) 
  x = Meter reading 


















Figure A.5 Graph of Flow Rate against Meter Reading for Water Flow-meter 
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Figure A.6 Graph of Flow Rate (kg/s) against Meter Reading for Ethlyene glycol flow 
meter 
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Appendix B. Design Data and Calculation 
Table B.1. Physical Properties of Ethylene Glycol 
Properties Values 
1 Auto-ignition Temperature  (°C) 427 
2. Critical Pressure (kPa) 8,200 
3. Critical Specific Volume (L/g mol) 0.191 
4. Critical Temperature (°C) 446.85 
5. Dielectric Constant at 25° C 37.7 
6. Evaporation Rate (Butyl Acetate = 10 0.01 
7. Flash Point, Closed Cup (°C) 
(Pensky-Martens Closed Cup ASTM D93) 
126.7 
8. Flash point, Open Cup  (°C) 
Cleveland Open Cup ASTM D92) 
137.8 
9. Heat of combustion at 25°C (kJ/g mol) -1,053 
10. Heat of fusion (kJ/g mol) 9.96 
11. Heat of Vaporization at 1 atm (kJ/g mol) 53.2 
12. Molecular weight (g/mol) 62.07 
13. Normal boiling point at 101.325 k Pa, (°C) 197.10 
14. Normal Freezing Point (°C) - 13 
15. Solubility in Water at 20°C 100 wt% 
16. Specific Gravity (20/20°C) 1.1153 
17. ∆ Specific Gravity/∆ T (10 to 40°C) 0.00070 per °C 
18. Surface Tension at 25°C (m N/m) 48.4 (48 dynes/cm) 
19. Vapor Density (air = 1) 2.1 
20. Vapor pressure at 20°C (k Pa) 0.0075 
21. Viscosity at 20°C (mPs) 21.19 (21.1 cP) 
22. Enthalpy of vaporization (kJ/kg) 800.10 
23. Enthalpy of fusion (kJ/kg) 181.10 
24. Density at 20°C (kg/m3) 1109.00 
25. Thermal conductivity at 20°C (W/m °C) 0.173 
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- 40 2.150 1.152 0.241 1431 
- 20 2.196 1.139 0.247 218.7 
0 2.267 1.126 0.252 57.25 
20 2.354 1.113 0.256 21.0 
40 2.450 1.098 0.259 9.644 
60 2.547 1.084 0.261 5.186 
80 2.642 1.070 0.262 3.128 
100 2.733 1.055 0.261 2.057 
120 2.818 1.040 0.259 1.445 
140 2.900 1.024 0.256 1.069 
160 2.982 1.008 0.251 0.825 
180 3.069 0.991 0.244 0.659 
 
Source:  Table 2 Properties of Liquids, ASHRAE Fundamental Handbook 1985 
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Table B.3. Properties of ice at 0°C 
Particular Values 
1. Density 917 kg/m3
2. H-bond length 276.5 pm 
3. Adiabatic compressibility  0.119 GPa-1
4. Isothermal compressibility 0.330 GPa-1
5. Melting point 273.15 K 
6. Melting point depression - 74K GPa-1
7. Specific heat 2.01 kJ/kg K 
8. Heat of melting 334 kJ/kg 
9. Thermal conductivity 2.2 W/m K 
10. Liner expansion coefficient 55x10-6 K-1
11. Cubical expression coefficient 166x10-6 K-1
12.Vapor pressure 610.7 Pa 
13. Static dielectric constant 96.5 
14.High frequency dielectric constant 3.2 
15.Dielectric relaxation time 20 µs 
16. Activation energy for dielectric relaxation 55 kJ/mol 
17. Refractive index 1.31 
18. Acoustic velocity: Longitudinal wave 1928 m/s 
19. Acoustic velocity: transverse wave 1951 m/s 
20. Velocity of radio wave 170 m µ/s 
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1. Design Consideration of Evaporator Plate 
 
The evaporator plate design has been considered by using the following influencing 
factors [12]. 
1. Operation  Pressure:    0.1 to 2.5 MPa 
   Temperature:    -40 to 260°C 
   Maximum port velocity:  6.0 m/s 
   Channel flow rate:   0.25 to 12.5 m3/hr 
   Maximum unit flow rate:  2500 m3/hr 
2. Performance Temperature approach:  as low as 1.0 
   Heat exchanger effectiveness: up to 93% 
3. Plate materials: Stainless steel AISI-304 or 316    (or)  Copper sheet 
4. The heat transfer surface area per unit volume ranges: 120 to 660 m2/m3
 
2. Calculation for Flow Rate of Water Flow-meter 
 
Falling film vaporization occurs as a result of sensible heat transfer and sub sequent 
flashing at the surface of the falling liquid film. Falling films generally are highly 
turbulent. In falling film vaporization, no boiling occurs on the heat transfer surface; 
how temperature differences (less than 25 °C) are required to maintain this condition. 
A minimum flow rate is required to induce a film for falling-film equipment. This 




min )(50.19 σµ waterwater S=Γ     (A) 
where   Γmin    = minimum water loading or flow rate, lb/hr.ft 
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  µwater  = viscosity of water, CP (Centi-poise) 
  Swater  = water specific gravity 
σ = surface tension, dyne / cm 
Once the film has been formed, a lower terminal flow rate (ΓT) can be achieved 
without destroying the film. This rate is 
5
1
3 )(40.2 σµ waterwaterT S=Γ      (B) 
Where   ΓT    = Terminal flow rate, lb/hr.ft 
 
If the minimum rate is not achieved, a film cannot be formed. If the terminal rate is 
less than (B), the film will break and form rivulets. 
 
1 gallon = 8.34 lb = 3.78 kg = 4.54 liter 
Thus, 1 lb of water = 0.544 liter  
And   1 kg of water = 1.20 liter 
1Poise = 10 dyne.s/cm3  = 1 kg/m.s = 1 N.s/m2  = 1 Pa.s = 103 Centi-.Poise  
 
Water Properties 
Viscosity  = µwater  = 0.896 CP (Centi-poise) 
Specific gravity, Swater = 1 
Surface tension, , σwater = 71.7 dyne/cm 
 




min )(50.19 σµ waterwater S=Γ  
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min )7.711896.0(50.19 xx=Γ  = 247.63 lb/hr.ft 
Γmin    = 1.87 kg/min.ft 
Γmin    = 6.171 kg/min.m = 7.41 l/min.m =  0.1235 l/s.m 
Thus, for (1) meter length,      Min flow rate:   Γmin    = 0.1235  l/s 
For (1/2) meter length,      Min flow rate:   Γmin    = 0.062  l/s 
 
(1) Terminal flow rate 
Terminal flow rate is reduced about 8 times compared with the top of evaporator plate. 
5
1
3 )(40.2 σµ waterwaterT S=Γ  
5
1
3 )7.711896.0(40.2 xxT =Γ  = 30.48 lb/hr.ft 
ΓT    = 0.23 kg/min.ft 
ΓT    = 0.76 kg/min.m = 0.911  l/min.m =  0.0152 l/s.m 
For (1) meter length,      Terminal flow rate:   ΓT    = 0.0152 l/s 
For (1/2) meter length,     Terminal  flow rate:   ΓT    = 0.0076 l/s 
 
3. Calculation for Overall Heat Transfer Coefficient (U) 
For brine (25% of ethylene glycol and 75% of water), 
Mass flow rate, m° = 40 liter m-1
Thermal conductivity, kbrine = 25 % of Ethylene glycol + 75% of Water 
   kbrine  = 0.25 x kethylene-glycol  + 0.75 x kwater
   kbrinw = 0.25 x 0.173 + 0.75 x 0.602 
   kbrinw = 0.49475 Wm-1 K-1 
Density, ρbrine= 0.25 x  ρEethylene-glycol + 0.75 ρwater  
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   ρbrine = 0.25 x  1109 + 0.75 x 1000 
   ρbrine = 1029.25 kg m-3
 
Viscosity, µbrine = 0.25 x  µethylene-glycol + 0.75 µwater  
     µbrine  = 0.25 x  1700x10-6 + 0.75 x 988x10-6
     µbrine  = 1166x10-6 kg m-3
 
For copper material, 
Thermal conductivity, kcopper = 393 W m-1 K-1 
 
For ice layer, 
Thermal conductivity, kice = 2.24 W m-1 K-1 (at 0°C) 
 










° ==  
  1067.0 −= msV
 






  500,184.1182 <=eR
  Therefore, this is laminar flow type. 
3. Nuselt Number (Nu) 
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  1253.185 −−= KWmh
 






















  120.1019.100 −−== KWmU
 





















Ice Harvesting System: An Experimental Investigation 77
                                                                                                                  Appendix B  
4. Sample Calculation of Heat Transfer Rate of Evaporator Plate  
 
Average inlet temperature of brine, Tinlet =  - 2.029◦C 
Average inlet temperature of brine, Tinlet =  - 1.021◦C 
Average volumetric flow rate of brine, v. = 30 liter /min = 0.0005 m3/sec 
Specific heat capacity of brine, cp = 2.354 kJ/kg ◦C 
 
Density of brine solution, ρbrine = 0.25 % of ethylene glycol + 75% of water 
      = 0.25 x 1,113 kg/m3 + 0.75 x 1,000 kg/m3 
       = 1,028.25 kg/m3
Mass flow rate of brine solution, m. = ρbrine x v. = 1,028.25 kg/m3 x 0.0005 m3/sec 
     = 0.514 kg/sec 
 
Heat transfer rate of Evaporators = m. cp ([TBrine-outlet  - TBrine-inlet] 
         = 0.514 x 2.354 [-1.021-(-2.029)] 
         = 1.22 kJ/sec  
 
5. Calculation of Ice Harvesting Performance 
 
The ice formation rate can be found from the following equation. 
 
     Vice x ρice 
Rate of ice formation,   m.ice=        ____________ 
          tice 
 
 
Where,     ρice   = Density of ice, kg/ m3
 
      Vice  = Average volume of ice layer 
 
     tice   = Time of ice formation 
Ice Harvesting System: An Experimental Investigation 78
                                                                                                                  Appendix B  
 
In this experiment, ice formation rate (kg/hour) was calculated using the formula 
actual ice produce weight divided by ice making time.  
 
Parametric results for experimental performance were calculated for five assorted 
average brine inlet temperatures to the evaporator plate as follow. 
1. Average brine inlet temperature = - 3.6 °C 
 
Total ice production =  43.206– 39.365 = 3.841 kg 
 
Net ice weight = 3.841 – 0.096 = 3.745 kg 
 
Ice loss = 2.5 % 
Ice formation rate = (3.84 kg / 70 minute )x 60 = 3.29 kg/hour 
Supplied compressor power = 2.425 kW (Measured) 
Useful effect in ice-making = [3.84 kg /(70 x 60) s]x Latent heat of fusion (L) 
                                      = [3.84 kg /(70 x 60) s]x 335 kJ/kg =  0.31 kW of ice 
                 Useful effect in ice-making (kW) 
COP of the system =       ______________________________ 
                      
                Supplied compressor power (kW) 
 
      0.31 
         =       _________________ =   0.128  
        2.425 
 
2. Average brine inlet temperature = - 4.0 °C 
 
Total ice production = 39.548 – 36.428 = 3.12 kg 
 
Net ice weight = 3.12 – 0.055 = 3.065 kg 
 
Ice loss = 1.76 % 
Ice formation rate = (3.12 kg / 57 minute )x 60 = 3.28 kg/hour 
Supplied compressor power = 2.212 kW (Measured) 
Useful effect in ice-making = [3.12 kg /(57 x 60) s]x 335  kJ/kg= 0.305 kW of ice 
                 Useful effect in ice-making (kW) 
COP of the system =       ______________________________ 
                    Supplied compressor power (kW) 
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        0.305 
            =       ________   =   0.137 
            2.212 
 
3. Average brine inlet temperature = - 4.4 °C 
 
Total ice production =   41.855 – 39.226 = 2.63 kg 
Net ice weight = 2.63 – 0.075= 2.555 kg 
 
Ice loss = 2.87 % 
Ice formation rate = (2.63 kg / 35 minute )x 60 = 4.51 kg/hour 
Supplied compressor power = 2.645 kW (Measured) 
Useful effect in ice-making = [2.555 kg /(35 x 60) s]x 335 kJ/kg = 0.407 kW of ice 
                 Useful effect in ice-making (kW) 
COP of the system =       ______________________________ 
                    Supplied compressor power (kW) 
 
        0.407 
            =       ________   =   0.154  
            2.645 
 
4. Average brine inlet temperature =  -4.8 °C 
 
Total ice production = 38.851 – 36.601 = 2.25 kg 
 
Net ice weight = 2.25 – 0.05 = 2.2 kg 
 
Ice loss = 2.22 % 
Ice formation rate = (2.25 kg / 24 minute )x 60 = 5.62 kg/hour 
Supplied compressor power = 2.608 kW (Measured) 
Useful effect in ice-making = [2.25 kg /(24 x 60) s]x 335 kJ/kg = 0.523 kW of ice  
                 Useful effect in ice-making (kW) 
COP of the system =       ______________________________ 
                    Supplied compressor power (kW) 
 
 
        0.523 
            =       ________   =   0.201  
            2.608 
 
5. Average brine inlet temperature = - 5.2 °C 
 
Total ice production = 42.248 – 39.402 = 2.85 kg 
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Net ice weight = 2.85 – 0.059 = 2.79 kg 
 
Ice loss = 2.1 % 
Ice formation rate = (2.85 kg / 33.2 minute )x 60 = 5.15 kg/hour 
Supplied compressor power = 2.772 kW (Measured) 
Useful effect in ice-making = [2.85 kg /(33.2 x 60) s]x 335 kJ/kg = 0.479 kW of ice 
                           Useful effect in ice-making (kW) 
COP of the system =       ______________________________ 
                    Supplied compressor power (kW) 
 
        0.479 
            =       ________   =   0.173  
            2.772 
 
6. Sample Calculation for Effectiveness 
              Energy to produce the ice 
Effectiveness =               ____________________________________ 
   







Where   LmQ neticeice
.
,=











For average brine inlet temperature = - 3.6 °C,  
      Average brine outlet temperature = - 2.592 °C,  
Total ice production =  3.841 kg 
Latent heat of fusion,  kgkJL /335=
Specific heat capacity of brine, cp = 2.354 kJ/kg ◦C 
Mass flow rate of brine solution, mbrine. = 0.514 kg/s 
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Appendix C Experimental Results  
 
Table C.1 Data for Two Evaporator Plates Surface of One Cycle for Ice Making and 
Defrosting (For Fig 5.6, Fig 5.7) 
 
Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110 
0 18.639 19.473 19.812 20.856 18.904 19.399 19.665 17.698 18.516 17.772 
4 18.717 19.294 19.808 20.635 18.896 19.104 19.649 17.585 18.256 17.435 
8 18.535 19.149 19.804 20.580 18.806 18.822 19.529 17.429 18.288 17.371 
12 18.756 18.748 19.678 20.473 18.668 18.858 19.415 17.348 18.130 17.184 
16 18.899 18.753 19.490 20.331 18.620 18.855 19.361 17.243 18.123 17.072 
20 17.297 18.593 19.923 20.220 18.395 18.733 19.282 17.146 18.003 17.072 
24 17.387 18.466 19.998 20.193 18.348 18.384 19.113 17.012 17.778 16.910 
28 17.463 18.420 20.018 20.005 18.298 18.501 18.966 16.893 17.707 16.644 
32 17.395 18.326 19.958 19.840 18.216 18.375 18.855 16.825 17.651 16.570 
36 17.315 18.277 19.852 19.813 18.021 18.331 18.365 16.651 17.458 16.580 
40 17.021 17.934 19.654 19.796 17.915 18.300 18.259 16.540 17.397 16.404 
44 16.892 18.001 19.425 19.765 17.832 17.956 18.087 16.369 17.323 16.348 
48 16.915 18.098 19.475 19.719 17.628 17.760 17.771 16.187 17.105 16.284 
52 16.755 17.752 19.260 19.686 17.540 17.853 17.782 16.090 17.125 16.180 
56 16.515 17.653 19.148 19.619 17.407 17.890 17.728 16.056 17.050 16.061 
60 16.429 17.661 19.019 19.588 17.332 17.582 17.598 15.927 16.753 15.846 
64 16.237 17.591 18.893 19.537 17.212 17.639 17.463 15.787 16.939 15.792 
68 15.990 17.732 18.525 19.402 17.189 17.602 17.337 15.682 16.775 15.748 
72 15.480 17.423 18.354 19.515 17.074 17.495 17.367 15.575 16.846 15.618 
76 16.090 17.227 18.602 19.338 16.830 17.588 17.240 15.492 16.850 15.394 
80 16.685 17.089 18.260 19.111 16.747 17.183 17.217 15.416 16.827 15.467 
84 15.767 16.997 18.291 19.035 16.761 17.129 17.041 15.317 16.832 15.369 
88 15.868 17.141 18.367 18.943 16.631 16.940 16.906 15.197 16.845 15.178 
92 15.684 16.916 18.180 18.871 16.458 16.891 16.832 15.112 16.826 15.207 
96 15.316 16.833 18.033 18.792 16.144 16.748 16.731 14.982 16.721 15.116 
100 15.304 16.729 17.953 18.636 16.309 16.580 16.609 14.865 16.620 15.141 
104 15.122 16.549 17.802 18.631 16.090 16.344 16.447 14.762 15.926 15.099 
108 15.058 16.809 17.712 18.457 16.084 16.183 16.325 14.613 15.794 15.047 
112 14.918 16.728 17.570 18.309 15.958 16.128 16.315 14.527 15.740 14.844 
116 14.926 16.546 17.510 18.267 15.849 16.114 16.283 14.449 15.679 14.689 
120 14.996 16.500 17.405 18.140 15.778 15.972 16.163 14.386 15.819 14.818 
124 14.879 16.217 17.566 18.081 15.618 15.912 16.012 14.276 15.601 14.818 
128 14.607 16.243 17.211 18.063 15.479 15.892 15.947 14.193 15.568 14.717 
132 14.786 16.412 17.228 17.845 15.366 15.733 15.888 14.128 15.383 14.782 
136 14.461 16.253 17.134 17.825 15.279 15.557 15.822 14.088 15.317 14.590 
140 14.466 16.401 16.933 17.781 15.104 15.592 15.854 14.005 15.175 14.437 
144 14.351 16.277 16.921 17.654 15.019 15.590 15.799 13.918 15.156 14.395 
148 14.223 16.035 16.954 17.447 15.134 15.395 15.666 13.850 15.082 14.439 
152 14.258 16.295 16.726 17.449 15.007 15.396 15.557 13.760 15.086 14.405 
156 14.213 16.060 16.791 17.348 15.048 15.343 15.466 13.671 15.081 14.266 
160 14.088 15.839 16.866 17.305 14.971 15.388 15.464 13.634 14.996 14.194 
164 14.150 15.887 16.769 17.237 14.657 15.295 15.430 13.612 14.924 14.230 
168 14.724 15.715 16.802 17.148 14.367 15.387 15.339 13.481 14.936 14.136 
172 14.653 15.771 16.879 17.091 14.321 15.204 15.210 13.314 14.925 14.258 
 
                                                                                                                   Appendix C 
 
Ice Harvesting System: An Experimental Investigation 84
 
Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110
176 14.802 16.016 16.929 17.018 14.390 15.154 15.210 13.281 14.746 14.107 
180 15.028 15.621 16.781 16.980 14.449 14.899 15.129 13.219 14.802 14.007 
184 14.858 15.670 16.575 16.799 14.432 14.624 14.994 13.176 14.982 14.426 
188 14.537 15.324 16.436 16.767 14.143 14.818 14.858 13.032 14.723 14.555 
192 14.357 15.347 16.439 16.563 14.093 14.694 14.802 12.873 14.726 14.491 
196 14.281 15.212 16.339 16.406 13.975 14.606 14.741 12.866 14.652 14.405 
200 14.009 15.188 16.402 16.274 14.023 14.488 14.709 12.810 14.624 14.551 
204 13.979 15.137 16.103 16.288 13.941 14.483 14.621 12.794 14.423 14.246 
208 14.092 15.949 16.235 16.256 13.927 14.370 14.568 12.712 14.512 14.050 
212 13.975 15.221 16.157 16.242 13.616 14.098 14.570 12.661 14.355 13.828 
216 13.881 15.123 16.047 16.184 13.418 14.264 14.472 12.468 14.144 13.478 
220 13.919 15.148 15.969 15.829 13.242 14.377 14.408 12.411 14.101 13.208 
224 14.076 14.696 16.069 15.357 13.465 14.261 14.387 12.411 14.012 13.126 
228 13.798 14.546 15.997 15.184 13.590 14.299 14.244 12.369 13.893 13.008 
232 13.943 14.415 15.764 15.271 13.515 14.304 14.237 12.313 13.894 13.251 
236 13.537 14.170 15.631 15.568 13.403 14.249 14.207 12.240 13.902 13.637 
240 13.869 14.005 15.843 15.668 13.357 13.940 14.075 12.161 13.709 13.083 
244 13.326 13.875 15.404 15.528 13.300 13.906 14.085 12.142 13.688 12.977 
248 13.622 13.906 15.344 15.438 13.119 13.900 14.070 12.058 13.888 12.928 
252 13.320 13.835 15.087 15.331 13.048 13.770 14.082 12.049 13.663 12.880 
256 12.847 13.652 14.860 14.977 13.080 13.722 13.994 11.990 13.523 12.857 
260 12.629 13.639 14.574 14.946 12.945 13.716 13.969 11.933 13.396 12.696 
264 12.272 13.717 14.358 14.894 12.849 13.590 13.913 11.878 13.449 12.576 
268 12.166 13.535 14.329 14.788 12.904 13.423 13.825 11.595 13.204 12.303 
272 12.209 13.756 14.256 14.793 12.365 13.174 13.512 11.194 12.957 12.098 
276 11.984 13.899 14.080 14.715 12.226 13.066 13.309 10.940 12.915 11.889 
280 12.084 14.297 13.772 14.434 12.022 12.895 13.166 10.769 12.885 11.605 
284 11.909 14.387 13.574 14.493 11.747 12.715 13.085 10.578 12.821 11.437 
288 11.742 14.463 13.354 14.396 11.580 12.504 12.952 10.416 12.489 11.262 
292 11.610 14.395 13.368 14.265 11.600 12.631 12.817 10.237 12.274 11.173 
296 11.504 14.315 13.105 14.019 11.362 12.396 12.676 10.083 12.089 10.805 
300 11.584 14.021 13.134 13.916 11.204 12.415 12.587 9.962 11.897 10.551 
304 11.415 13.892 12.966 13.719 11.104 12.395 12.487 9.847 11.696 10.620 
308 11.473 13.915 12.812 13.618 10.904 12.399 12.665 9.698 11.516 10.772 
312 11.294 13.755 12.808 13.537 10.896 12.104 12.649 9.585 11.256 10.435 
316 10.993 13.515 12.804 13.402 10.806 11.822 12.529 9.429 11.288 10.371 
320 10.933 13.429 12.678 13.515 10.668 11.858 12.415 9.348 11.130 10.184 
324 10.923 13.237 12.490 13.338 10.620 11.855 12.361 9.243 11.123 10.072 
328 10.996 12.990 12.923 13.111 10.395 11.733 12.282 9.146 11.003 10.072 
332 10.950 12.480 12.998 13.035 10.348 11.384 12.113 9.012 10.778 9.910 
336 10.910 13.090 13.018 12.943 10.298 11.501 11.966 8.893 10.707 9.644 
340 10.666 12.685 12.958 12.871 10.216 11.375 11.855 8.825 10.651 9.570 
344 10.717 12.767 12.852 12.792 10.021 11.331 11.365 8.651 10.458 9.580 
348 10.425 12.868 12.654 12.636 9.915 11.331 11.259 8.540 10.397 9.404 
352 10.396 12.684 12.425 12.631 9.832 10.956 11.087 8.369 10.323 9.348 
356 10.330 12.316 12.475 12.457 9.628 10.760 10.771 8.187 10.105 9.284 
360 10.033 12.304 12.260 12.309 9.540 10.853 10.782 8.090 10.125 9.180 
364 10.149 12.122 12.148 12.267 9.407 10.890 10.728 8.056 10.050 9.061 
368 9.748 12.058 12.019 12.140 9.332 10.582 10.598 7.927 9.753 8.846 
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Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110
372 9.753 11.918 11.893 12.081 9.212 10.639 10.463 7.787 9.939 8.792 
376 9.593 11.926 11.525 12.063 9.189 10.602 10.337 7.682 9.775 8.748 
380 9.466 11.996 11.354 11.845 9.074 10.495 10.367 7.575 9.846 8.618 
384 9.420 11.879 11.602 11.825 8.830 10.588 10.240 7.492 9.850 8.394 
388 9.326 11.607 11.260 11.781 8.747 10.183 10.217 7.416 9.827 8.467 
392 9.277 11.786 11.291 11.654 8.761 10.129 10.041 7.317 9.832 8.369 
396 8.934 11.461 11.367 11.447 8.631 9.940 9.906 7.197 9.845 8.178 
400 9.001 11.466 11.180 11.449 8.458 9.891 9.832 7.112 9.826 8.207 
404 9.098 11.351 11.033 11.348 8.144 9.748 9.731 6.982 9.721 8.116 
408 8.752 11.223 10.953 11.305 8.309 9.580 9.609 6.865 9.620 8.141 
412 8.653 11.258 10.802 11.237 8.090 9.344 9.447 6.762 9.926 8.099 
416 8.661 11.213 10.712 11.148 8.084 9.183 9.325 6.613 9.794 8.047 
420 8.591 11.088 10.570 11.091 7.958 9.128 9.315 6.527 9.740 7.844 
424 8.732 11.150 10.510 11.018 7.849 9.114 9.283 6.449 9.679 7.689 
428 8.423 11.724 10.405 10.980 7.778 8.972 9.163 6.386 9.819 7.818 
432 8.227 11.653 10.566 10.799 7.618 8.912 9.012 6.276 9.601 7.818 
436 8.089 11.802 10.211 10.767 7.479 8.892 8.947 6.193 9.568 7.717 
440 7.997 12.028 10.228 10.563 7.366 8.733 8.888 6.128 9.383 7.782 
444 8.141 11.858 10.134 10.406 7.279 8.557 8.822 6.088 9.317 7.590 
448 7.916 11.537 9.933 10.274 7.104 8.592 8.854 6.005 9.175 7.437 
452 7.833 11.357 9.921 10.288 7.019 8.590 8.799 5.918 9.156 7.395 
456 7.729 11.281 9.954 10.256 7.134 8.395 8.666 5.850 9.082 7.439 
460 7.549 11.009 9.726 10.242 7.007 8.396 8.557 5.760 9.086 7.405 
464 7.809 10.979 9.791 10.184 7.048 8.343 8.466 5.671 9.081 7.266 
468 7.728 11.092 9.866 9.829 6.971 8.388 8.464 5.634 8.996 7.194 
472 7.546 10.975 9.769 9.357 6.657 8.295 8.430 5.612 8.924 7.230 
476 7.500 10.881 9.802 9.184 6.367 8.387 8.339 5.481 8.936 7.136 
480 7.217 10.919 9.879 9.271 6.321 8.204 8.210 5.314 8.925 7.258 
484 7.243 11.076 9.929 9.568 6.390 8.154 8.210 5.281 8.746 7.107 
488 7.412 10.798 9.781 9.668 6.449 7.899 8.129 5.219 8.802 7.007 
492 7.253 10.943 9.575 9.528 6.432 7.624 7.994 5.176 8.982 7.426 
496 7.401 10.537 9.436 9.438 6.143 7.818 7.858 5.032 8.723 7.555 
500 7.277 10.869 9.439 9.331 6.093 7.694 7.802 4.873 8.726 7.491 
504 7.035 10.326 9.339 8.977 5.975 7.606 7.741 4.866 8.652 7.405 
508 7.295 10.622 9.402 8.946 6.023 7.488 7.709 4.810 8.624 7.551 
512 7.060 10.320 9.103 8.894 5.941 7.483 7.621 4.794 8.423 7.246 
516 6.839 10.847 9.235 8.788 5.927 7.370 7.568 4.712 8.512 7.250 
520 6.887 10.629 9.157 8.252 5.616 7.098 7.570 4.661 8.355 7.528 
524 6.715 10.272 9.047 8.064 5.418 7.264 7.472 4.468 8.144 6.478 
528 6.771 10.166 8.969 8.060 5.242 7.377 7.408 4.411 8.101 6.208 
532 7.016 10.040 9.069 8.797 5.465 7.261 7.387 4.411 8.012 6.126 
536 6.621 10.034 8.997 8.558 5.590 7.299 7.244 4.369 7.893 6.008 
540 6.670 10.353 8.764 8.530 5.515 7.304 7.237 4.313 8.123 6.251 
544 6.324 10.704 8.631 8.375 5.403 7.249 7.207 4.240 7.902 6.637 
548 6.347 10.661 8.843 8.431 5.357 6.940 7.075 4.161 7.709 6.083 
552 6.212 10.276 8.404 8.071 5.300 6.906 7.085 4.142 7.688 5.928 
556 6.188 10.144 8.644 8.217 5.119 6.900 7.070 4.058 7.888 5.977 
560 6.137 10.248 8.487 8.111 5.048 6.770 7.082 4.049 7.663 6.005 
564 5.949 10.133 8.460 7.952 5.080 6.722 6.994 3.990 7.523 5.857 
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Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110
568 6.221 9.833 8.374 7.856 4.945 6.716 6.969 3.933 7.396 5.696 
572 6.123 9.932 8.358 8.035 4.849 6.590 6.913 3.878 7.449 5.576 
576 6.148 9.899 8.329 7.880 4.904 6.423 6.825 3.795 7.447 5.703 
580 5.716 9.714 8.276 7.702 4.873 6.268 6.790 3.743 7.570 5.681 
584 5.597 9.924 8.154 7.648 4.677 6.291 6.716 3.691 7.616 5.719 
588 5.821 9.726 8.433 7.765 4.703 6.218 6.664 3.653 7.516 5.639 
592 5.748 9.855 8.219 7.778 4.716 6.281 6.556 3.569 7.206 5.432 
596 5.457 9.891 8.283 7.744 4.686 6.487 6.549 3.539 7.328 5.469 
600 5.412 9.315 8.312 7.350 4.624 6.157 6.451 3.532 7.313 5.323 
604 5.511 9.316 8.043 7.480 4.571 6.295 6.318 3.439 7.234 5.280 
608 5.221 9.474 7.875 7.375 4.533 6.163 6.344 3.396 6.970 5.254 
612 5.060 9.356 7.962 7.463 4.540 5.859 6.299 3.366 6.882 4.987 
616 5.233 9.198 7.806 7.286 4.427 5.738 6.214 3.303 6.861 5.085 
620 5.542 9.184 7.653 7.236 4.265 5.789 6.151 3.264 6.862 4.899 
624 5.290 9.141 7.526 7.150 4.187 5.850 6.183 3.242 6.867 5.081 
628 5.229 8.878 7.389 7.246 4.146 5.884 6.114 3.206 6.958 5.361 
632 5.049 8.829 7.474 7.455 4.157 5.726 6.057 3.123 7.021 5.617 
636 4.866 8.919 7.431 7.010 4.068 5.614 5.977 3.069 7.016 5.740 
640 5.094 8.748 7.353 6.778 3.860 5.425 5.943 3.022 6.968 5.828 
644 4.938 8.829 7.376 6.915 3.861 5.495 5.873 2.920 7.005 5.793 
648 5.032 8.775 7.336 6.537 3.862 5.455 5.772 2.853 6.852 5.425 
652 4.784 8.820 7.292 6.898 3.777 5.492 5.755 2.858 6.648 4.589 
656 4.760 8.734 7.044 6.653 3.689 5.221 5.742 2.848 6.744 4.735 
660 4.705 8.599 7.198 6.491 3.592 5.125 5.670 2.814 6.758 5.037 
664 4.762 8.525 7.234 6.377 3.516 5.116 5.623 2.709 6.723 5.220 
668 4.748 8.772 7.084 6.354 3.479 5.097 5.607 2.609 6.831 5.398 
672 4.471 8.636 6.838 6.387 3.415 4.922 5.618 2.614 6.641 5.434 
676 4.176 8.448 6.602 6.469 3.462 5.133 5.508 2.572 6.536 5.246 
680 4.433 8.594 6.635 6.421 3.542 4.961 5.466 2.547 6.609 5.211 
684 4.490 8.512 6.775 6.464 3.431 4.950 5.412 2.557 6.299 5.059 
688 4.279 8.306 6.661 6.266 3.250 4.917 5.377 2.511 6.287 5.074 
692 4.398 8.496 6.617 6.033 3.202 4.750 5.342 2.450 6.445 4.968 
696 4.074 8.520 6.657 6.133 3.071 4.732 5.296 2.417 6.233 4.983 
700 4.183 8.366 6.664 6.247 3.041 4.824 5.260 2.395 6.249 4.901 
704 4.054 8.262 6.499 6.156 2.926 4.595 5.216 2.313 6.230 5.099 
708 3.986 8.393 6.390 5.953 2.928 4.522 5.120 2.213 6.194 4.907 
712 4.037 8.335 6.320 5.960 2.804 4.608 5.053 2.143 6.216 4.853 
716 3.899 8.296 6.430 5.977 2.930 4.628 5.071 2.103 6.030 4.660 
720 3.841 8.198 6.539 6.069 3.003 4.591 5.086 2.116 6.094 5.097 
724 3.744 8.282 6.392 5.693 3.070 4.215 4.978 2.060 6.157 4.896 
728 3.710 8.174 6.386 5.830 2.981 4.199 5.037 2.077 5.855 4.655 
732 3.525 8.256 6.354 5.804 2.828 4.176 4.922 1.920 5.888 4.516 
736 3.612 8.371 6.174 5.797 2.788 4.214 4.905 1.904 5.831 4.621 
740 3.500 8.348 6.199 5.700 2.765 4.375 4.923 1.906 5.795 4.420 
744 3.584 8.139 6.004 5.599 2.709 4.265 4.926 1.927 5.675 4.492 
748 3.364 8.024 6.226 5.577 2.667 4.098 4.778 1.809 5.551 4.278 
752 3.363 7.927 5.925 5.667 2.631 3.936 4.747 1.768 5.542 4.397 
756 3.305 7.758 5.949 5.721 2.611 3.865 4.681 1.723 5.482 4.367 
760 3.197 7.690 5.891 5.552 2.567 3.775 4.604 1.697 5.296 4.329 
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Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110 
764 3.351 7.871 5.988 5.366 2.571 3.847 4.601 1.664 5.375 4.401 
768 3.418 7.841 5.930 5.229 2.424 3.742 4.583 1.602 5.231 4.466 
772 3.123 7.847 5.681 5.227 2.386 3.790 4.583 1.574 5.234 4.350 
776 3.054 7.867 5.712 5.203 2.380 3.576 4.536 1.583 5.094 4.211 
780 2.926 7.726 5.860 5.194 2.427 3.552 4.443 1.526 5.046 4.410 
784 2.945 7.682 5.841 4.887 2.264 3.548 4.362 1.406 5.105 4.401 
788 2.889 7.406 5.696 4.976 2.121 3.454 4.374 1.423 5.098 4.354 
792 3.092 7.109 5.552 4.838 2.030 3.506 4.338 1.355 5.246 4.020 
796 2.868 6.825 5.384 4.946 1.990 3.211 4.327 1.366 4.864 4.109 
800 2.775 6.624 5.420 4.670 2.114 3.399 4.312 1.346 4.928 4.254 
804 2.884 6.410 5.350 4.827 2.028 3.255 4.224 1.323 4.802 4.111 
808 2.932 6.234 5.320 4.901 2.039 3.409 4.170 1.230 4.822 3.882 
812 2.720 6.112 5.462 4.642 2.037 3.389 4.171 1.203 4.890 4.234 
816 2.773 6.019 5.576 4.589 1.907 3.251 4.169 1.120 4.959 3.954 
820 2.620 5.967 5.228 4.587 1.854 3.129 4.159 1.150 4.853 3.996 
824 2.873 5.881 5.190 4.615 1.696 3.149 4.168 1.152 4.834 4.052 
828 2.459 5.919 5.205 4.703 1.726 3.219 4.214 1.209 4.803 3.790 
832 2.257 5.873 5.324 4.443 1.778 3.685 4.154 1.187 4.831 3.876 
836 2.479 6.169 5.080 4.346 1.742 3.753 4.129 1.201 4.513 3.882 
840 2.501 6.101 5.203 4.528 1.742 3.678 4.028 1.067 4.398 3.730 
844 2.418 5.896 5.259 4.400 1.707 3.559 3.973 1.058 4.146 3.268 
848 2.409 5.925 4.469 4.074 1.535 3.471 3.478 1.173 3.819 2.676 
852 2.236 6.002 4.328 3.837 1.498 3.464 3.141 1.535 3.679 2.339 
856 2.282 5.881 4.202 3.838 1.429 3.099 3.068 1.687 3.660 2.458 
860 2.064 5.922 3.899 3.679 1.307 3.103 2.944 1.535 3.832 2.477 
864 2.028 5.916 3.805 3.645 1.376 3.095 2.987 1.539 3.829 2.437 
868 1.838 5.836 3.945 3.504 1.489 2.892 2.930 1.450 3.761 2.489 
872 1.561 5.882 3.971 3.413 1.455 2.770 3.001 1.478 3.735 2.521 
876 1.821 5.759 3.954 3.669 1.437 2.573 2.964 1.339 3.704 2.305 
880 1.814 5.629 3.695 3.713 1.584 2.645 2.942 1.362 3.759 2.419 
884 2.064 5.634 3.817 3.730 1.577 2.582 2.886 1.344 3.787 2.322 
888 2.030 5.289 3.826 3.406 1.586 2.738 2.945 1.318 3.624 2.201 
892 1.933 5.538 3.718 3.110 1.565 2.866 2.876 1.300 3.619 2.309 
896 2.053 5.499 3.748 3.223 1.649 2.697 2.890 1.291 3.559 2.173 
900 1.999 5.492 3.775 3.272 1.764 2.635 2.855 1.206 3.537 2.118 
904 1.962 5.451 3.675 3.248 1.771 2.638 2.874 1.149 3.505 2.114 
908 1.909 5.370 3.789 3.181 1.743 2.535 2.884 1.113 3.508 2.119 
912 1.824 5.239 3.604 3.269 1.701 2.255 2.883 1.083 3.552 2.057 
916 1.866 5.276 3.629 3.046 1.636 2.550 2.808 1.033 3.632 2.032 
920 1.690 5.109 3.414 3.094 1.562 2.388 2.765 0.929 3.786 1.991 
924 1.680 4.849 3.440 3.209 1.511 2.448 2.765 0.888 3.432 1.880 
928 1.644 4.719 3.386 3.130 1.422 2.362 2.788 0.848 3.478 1.834 
932 1.520 4.735 3.332 3.310 1.381 2.357 2.772 0.761 3.435 1.792 
936 1.559 4.712 3.282 3.197 1.402 2.186 2.638 0.745 3.428 1.734 
940 1.549 4.572 3.291 3.008 1.448 2.230 2.503 0.677 3.417 1.624 
944 1.407 4.853 3.320 3.057 1.409 2.280 2.388 0.673 3.372 1.438 
948 1.399 4.710 3.204 2.978 1.352 2.142 2.245 0.651 3.226 1.284 
952 1.414 4.602 3.056 3.048 1.323 2.122 2.256 0.642 3.157 1.067 
956 1.407 4.441 2.999 3.086 1.304 2.210 2.453 0.618 3.157 0.836 
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Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110 
960 1.176 4.591 3.040 3.094 1.276 2.085 2.370 0.579 3.012 0.646 
964 1.107 4.431 2.921 2.890 1.245 1.974 2.323 0.542 2.984 0.463 
968 0.973 4.079 3.052 2.735 1.268 1.840 2.423 0.509 3.082 0.277 
972 0.807 3.906 2.657 2.725 1.238 1.880 2.340 0.497 3.208 0.151 
976 0.769 3.764 2.610 2.754 1.180 2.006 2.326 0.509 3.049 0.058 
980 0.828 3.658 2.461 2.734 1.145 1.854 2.287 0.466 2.869 -0.004 
984 0.725 3.805 2.502 2.838 1.116 1.607 2.277 0.414 3.052 -0.041 
988 0.736 3.798 2.368 2.897 1.073 1.568 2.253 0.401 3.086 -0.097 
992 0.648 3.658 2.362 2.882 1.057 1.523 2.236 0.364 3.189 -0.127 
996 0.643 3.764 2.467 2.775 1.040 1.415 2.280 0.372 3.045 -0.194 
1000 0.544 3.581 2.371 2.724 0.963 1.411 2.192 0.359 2.956 -0.255 
1004 0.518 3.569 2.428 2.759 0.970 1.286 2.201 0.392 2.912 -0.292 
1008 0.524 3.509 2.191 2.708 0.982 1.140 2.183 0.411 2.834 -0.368 
1012 0.517 3.442 2.210 2.713 0.944 1.066 2.143 0.404 2.842 -0.442 
1016 0.391 3.466 1.995 2.634 0.913 0.958 2.037 0.262 2.811 -0.469 
1020 0.437 3.399 1.959 2.592 0.871 0.921 1.985 0.223 2.878 -0.499 
1024 0.306 3.484 1.899 2.560 0.812 0.832 1.964 0.160 2.876 -0.567 
1028 0.232 3.208 1.889 2.464 0.756 0.776 1.911 0.114 2.759 -0.607 
1032 0.281 3.219 1.980 2.442 0.768 0.802 1.875 0.049 2.675 -0.651 
1036 0.299 3.277 1.952 2.362 0.754 0.755 1.876 0.039 2.679 -0.747 
1040 0.335 3.117 1.917 2.277 0.723 0.667 1.840 0.036 2.665 -0.747 
1044 0.215 3.299 1.844 2.297 0.706 0.636 1.791 -0.032 2.551 -0.740 
1048 0.149 3.302 1.820 2.293 0.648 0.661 1.747 -0.033 2.864 -0.789 
1052 0.222 3.156 1.768 2.307 0.583 0.642 1.694 -0.061 2.431 -0.779 
1056 0.115 3.468 1.682 2.245 0.511 0.659 1.606 -0.149 2.553 -0.818 
1060 0.150 3.373 1.651 2.270 0.536 0.542 1.543 -0.179 2.374 -0.796 
1064 0.161 3.315 1.646 2.220 0.508 0.550 1.422 -0.223 2.322 -0.912 
1068 0.065 3.235 1.586 2.182 0.478 0.495 1.446 -0.192 2.177 -0.994 
1072 0.098 3.199 1.564 2.118 0.472 0.507 1.484 -0.225 2.152 -1.001 
1076 0.104 3.201 1.533 2.186 0.470 0.474 1.473 -0.235 2.155 -0.972 
1080 0.287 3.081 1.437 2.224 0.380 0.457 1.496 -0.259 2.112 -0.952 
1084 0.114 2.975 1.427 2.165 0.396 0.376 1.437 -0.300 2.030 -0.981 
1088 -0.100 3.066 1.388 2.051 0.372 0.319 1.378 -0.349 1.834 -0.988 
1092 0.019 3.037 1.398 1.990 0.358 0.330 1.342 -0.428 1.794 -1.035 
1096 -0.127 3.102 1.342 2.025 0.363 0.296 1.293 -0.441 1.676 -1.078 
1100 -0.177 3.027 1.318 1.962 0.251 0.326 1.248 -0.492 1.744 -1.101 
1104 -0.130 3.058 1.296 1.839 0.239 0.311 1.193 -0.512 1.479 -1.179 
1108 -0.182 2.948 1.265 1.779 0.152 0.200 1.146 -0.574 1.438 -1.019 
1112 -0.163 3.027 1.259 1.684 0.043 0.237 1.104 -0.593 1.557 -1.107 
1116 -0.242 2.906 1.227 1.651 -0.001 0.225 1.046 -0.668 1.440 -1.136 
1120 -0.267 2.878 1.173 1.567 -0.060 0.160 1.026 -0.620 1.289 -1.208 
1124 -0.333 2.847 1.176 1.507 -0.054 0.124 1.017 -0.641 1.276 -1.290 
1128 -0.370 2.794 1.071 1.533 -0.122 0.106 0.975 -0.686 1.315 -1.367 
1132 -0.379 2.821 0.989 1.529 -0.151 0.078 0.966 -0.785 1.273 -1.382 
1136 -0.433 2.701 0.936 1.577 -0.183 0.072 0.966 -0.792 1.137 -1.428 
1140 -0.417 2.690 0.945 1.524 -0.211 0.041 0.954 -0.796 1.129 -1.485 
1144 -0.470 2.589 0.885 1.484 -0.351 0.016 0.897 -0.831 1.036 -1.471 
1148 -0.485 2.543 0.909 1.443 -0.284 -0.004 0.872 -0.914 1.044 -1.453 
1152 -0.460 2.656 0.868 1.463 -0.336 0.008 0.833 -0.949 1.066 -1.492 
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Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110 
1156 -0.451 2.661 0.812 1.465 -0.248 -0.011 0.793 -0.944 1.035 -1.559 
1160 -0.528 2.547 0.721 1.429 -0.216 -0.074 0.765 -1.021 0.976 -1.612 
1164 -0.569 2.546 0.774 1.384 -0.235 -0.104 0.757 -1.032 1.004 -1.612 
1168 -0.625 2.415 0.746 1.350 -0.279 -0.163 0.764 -1.109 0.942 -1.608 
1172 -0.606 2.455 0.666 1.311 -0.263 -0.179 0.758 -1.091 1.108 -1.656 
1176 -0.710 2.359 0.645 1.283 -0.335 -0.254 0.718 -1.083 1.242 -1.707 
1180 -0.716 2.478 0.552 1.250 -0.368 -0.270 0.715 -1.090 1.217 -1.713 
1184 -0.751 2.413 0.510 1.175 -0.354 -0.320 0.720 -1.044 0.957 -1.699 
1188 -0.750 2.396 0.458 1.187 -0.555 -0.344 0.721 -1.105 0.871 -1.697 
1192 -0.806 2.411 0.383 1.160 -0.669 -0.397 0.650 -1.119 0.750 -1.743 
1196 -0.838 2.485 0.382 1.093 -0.670 -0.420 0.611 -1.147 0.702 -1.788 
1200 -0.817 2.284 0.289 1.012 -0.729 -0.410 0.558 -1.155 0.701 -1.808 
1204 -0.907 2.094 0.276 0.983 -0.762 -0.478 0.459 -1.162 0.833 -1.863 
1208 -0.894 2.085 0.228 0.989 -0.796 -0.489 0.392 -1.239 0.834 -1.937 
1212 -0.916 2.051 0.107 0.904 -1.003 -0.522 0.355 -1.370 1.183 -1.981 
1216 -0.979 2.059 0.157 0.853 -0.982 -0.583 0.274 -1.543 1.269 -1.952 
1220 -0.972 1.961 0.107 0.791 -1.001 -0.621 0.218 -1.618 1.197 -1.976 
1224 -0.929 1.906 -0.021 0.765 -1.040 -0.598 0.189 -1.698 1.158 -2.020 
1228 -1.041 1.933 -0.028 0.756 -1.090 -0.641 0.176 -1.806 1.202 -2.044 
1232 -1.069 1.972 -0.007 0.676 -1.307 -0.667 0.107 -1.829 1.043 -2.113 
1236 -1.054 1.983 -0.111 0.633 -1.255 -0.677 0.034 -1.916 0.326 -2.122 
1240 -1.030 1.933 -0.084 0.590 -1.303 -0.692 0.007 -1.938 0.151 -2.182 
1244 -1.166 1.965 -0.092 0.595 -1.316 -0.799 0.047 -1.919 0.139 -2.197 
1248 -1.199 1.936 -0.233 0.540 -1.413 -0.868 -0.008 -1.941 0.106 -2.115 
1252 -1.112 1.890 -0.265 0.492 -1.413 -0.845 -0.099 -1.959 0.447 -2.107 
1256 -1.237 1.906 -0.371 0.490 -1.434 -0.919 -0.196 -1.896 0.788 -1.900 
1260 -1.271 1.866 -0.299 0.443 -1.375 -0.931 -0.293 -2.031 0.828 -1.795 
1264 -1.312 1.719 -0.348 0.374 -1.418 -0.935 -0.381 -2.091 0.872 -1.763 
1268 -1.339 1.666 -0.339 0.286 -1.526 -0.957 -0.425 -2.153 0.764 -1.745 
1272 -1.355 1.610 -0.415 0.258 -1.549 -0.986 -0.473 -2.126 0.098 -1.804 
1276 -1.382 1.633 -0.421 0.221 -1.564 -1.029 -0.557 -2.226 -0.020 -1.894 
1280 -1.412 1.627 -0.418 0.156 -1.586 -1.076 -0.579 -2.276 -0.075 -1.977 
1284 -1.418 1.507 -0.137 0.122 -1.680 -1.074 -0.634 -2.334 -0.127 -2.066 
1288 -1.453 1.458 -0.344 0.012 -1.726 -1.111 -0.686 -2.332 -0.186 -2.157 
1292 -1.413 1.407 -0.448 -0.042 -1.624 -1.105 -0.788 -2.350 -0.193 -2.230 
1296 -1.467 1.400 -0.337 -0.112 -1.606 -1.156 -0.818 -2.396 -0.216 -2.255 
1300 -1.489 1.444 -0.350 -0.237 -1.710 -1.186 -0.806 -2.428 -0.219 -2.241 
1304 -1.532 1.425 -0.475 -0.274 -1.755 -1.215 -0.852 -2.500 -0.281 -2.011 
1308 -1.487 1.406 -0.470 -0.211 -1.824 -1.205 -0.879 -2.521 -0.274 -2.072 
1312 -1.615 1.344 -0.610 -0.299 -1.823 -1.278 -0.882 -2.527 -0.376 -2.185 
1316 -1.662 1.353 -0.561 -0.300 -1.808 -1.317 -0.942 -2.549 -0.378 -2.298 
1320 -1.671 1.270 -0.634 -0.371 -1.893 -1.324 -0.954 -2.617 -0.424 -2.410 
1324 -1.660 1.264 -0.751 -0.374 -2.025 -1.319 -0.956 -2.715 -0.535 -2.485 
1328 -1.769 1.240 -0.793 -0.437 -2.065 -1.386 -0.915 -2.671 -0.302 -2.522 
1332 -1.789 1.127 -0.864 -0.470 -2.056 -1.410 -0.935 -2.596 -0.470 -2.233 
1336 -1.842 1.062 -0.910 -0.499 -2.091 -1.463 -1.019 -2.659 -0.609 -2.219 
1340 -1.861 1.038 -0.960 -0.591 -2.107 -1.490 -1.036 -2.674 -0.594 -2.304 
1344 -1.891 1.013 -1.041 -0.647 -2.081 -1.510 -1.073 -2.715 -0.688 -2.386 
1348 -1.870 0.929 -1.173 -0.637 -2.060 -1.501 -1.092 -2.726 -0.672 -2.454 
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Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110
1352 -1.941 0.747 -1.177 -0.672 -2.111 -1.536 -1.094 -2.835 -0.735 -2.537 
1356 -1.964 0.609 -1.174 -0.685 -2.149 -1.566 -0.989 -2.852 -0.738 -2.646 
1360 -1.944 0.435 -1.095 -0.751 -2.114 -1.577 -0.976 -2.833 -0.778 -2.695 
1364 -2.011 0.317 -1.202 -0.835 -2.203 -1.634 -0.990 -2.838 -0.804 -2.765 
1368 -2.023 0.179 -1.311 -0.915 -2.273 -1.655 -1.000 -2.784 -0.953 -2.794 
1372 -2.064 -0.056 -1.424 -0.982 -2.224 -1.697 -0.930 -2.773 -1.107 -2.842 
1376 -2.088 -0.187 -1.438 -0.955 -2.313 -1.730 -0.907 -2.808 -1.171 -2.872 
1380 -2.144 -0.310 -1.454 -0.921 -2.396 -1.750 -0.969 -2.814 -1.250 -2.911 
1384 -2.151 -0.511 -1.437 -0.874 -2.492 -1.774 -1.049 -2.814 -1.323 -2.926 
1388 -2.229 -0.556 -1.552 -0.941 -2.532 -1.860 -1.039 -2.836 -1.393 -2.863 
1392 -2.234 -0.598 -1.539 -0.932 -2.572 -1.897 -1.058 -2.801 -1.381 -2.919 
1396 -2.323 -0.734 -1.562 -0.953 -2.663 -1.969 -1.141 -2.848 -1.402 -2.874 
1400 -2.316 -0.792 -1.590 -1.067 -2.609 -1.965 -1.213 -2.908 -1.332 -2.848 
1404 -2.352 -0.895 -1.691 -1.099 -2.551 -2.017 -1.137 -2.924 -1.404 -2.874 
1408 -2.385 -0.940 -1.798 -1.131 -2.567 -2.029 -1.172 -2.962 -1.373 -2.749 
1412 -2.403 -0.959 -1.856 -1.112 -2.444 -2.045 -1.215 -2.974 -1.419 -2.786 
1416 -2.467 -1.036 -1.915 -1.104 -2.525 -2.089 -1.255 -3.017 -1.418 -2.914 
1420 -2.511 -1.124 -1.955 -1.163 -2.465 -2.133 -1.253 -2.905 -1.442 -2.960 
1424 -2.503 -1.134 -1.881 -1.268 -2.390 -2.138 -1.310 -2.735 -1.379 -3.024 
1428 -2.570 -1.136 -1.989 -1.276 -2.485 -2.162 -1.311 -2.572 -1.384 -3.075 
1432 -2.580 -1.137 -2.104 -1.323 -2.513 -2.163 -1.301 -2.796 -1.446 -2.677 
1436 -2.618 -1.138 -2.044 -1.260 -2.514 -2.154 -1.332 -3.003 -1.444 -2.723 
1440 -2.663 -1.141 -2.171 -1.255 -2.670 -2.207 -1.375 -3.083 -1.507 -2.772 
1444 -2.686 -1.148 -2.189 -1.345 -2.724 -2.230 -1.435 -3.085 -1.245 -2.800 
1448 -2.664 -1.150 -2.227 -1.358 -2.758 -2.228 -1.470 -3.091 -1.313 -2.854 
1452 -2.706 -1.156 -2.231 -1.296 -2.759 -2.274 -1.481 -3.096 -1.474 -2.903 
1456 -2.778 -1.167 -2.282 -1.150 -2.786 -2.328 -1.493 -3.099 -0.905 -2.733 
1460 -2.779 -1.178 -2.314 -1.196 -2.706 -2.368 -1.514 -3.102 -0.912 -2.543 
1464 -2.780 -1.201 -2.345 -1.274 -2.778 -2.397 -1.547 -3.105 -1.095 -2.589 
1468 -2.782 -1.225 -2.363 -1.315 -2.806 -2.394 -1.607 -3.107 -0.916 -2.525 
1472 -2.784 -1.277 -2.430 -1.309 -2.740 -2.466 -1.614 -3.112 -1.172 -2.683 
1476 -2.787 -1.349 -2.519 -1.333 -2.598 -2.481 -1.596 -3.114 -1.473 -2.797 
1480 -2.807 -1.447 -2.518 -1.371 -2.467 -2.449 -1.614 -3.116 -1.636 -2.865 
1484 -2.817 -1.487 -2.589 -1.457 -2.368 -2.500 -1.620 -3.124 -1.747 -2.848 
1488 -2.797 -1.610 -2.670 -1.372 -2.321 -2.453 -1.626 -3.127 -1.815 -2.908 
1492 -2.820 -1.690 -2.769 -1.285 -2.228 -2.515 -1.656 -3.129 -1.894 -2.924 
1496 -2.821 -1.700 -2.845 -1.190 -2.247 -2.548 -1.671 -3.201 -1.933 -2.962 
1500 -2.827 -1.623 -2.792 -1.094 -2.295 -2.534 -1.688 -3.214 -2.005 -2.974 
1504 -2.831 -1.674 -2.869 -1.094 -2.351 -2.550 -1.752 -3.234 -2.021 -3.017 
1508 -2.834 -1.792 -2.904 -1.103 -2.386 -2.617 -1.765 -3.327 -2.042 -2.905 
1512 -2.832 -1.883 -2.919 -1.160 -2.092 -2.618 -1.852 -3.328 -2.086 -2.735 
1516 -2.836 -1.881 -3.008 -1.260 -1.967 -2.619 -1.927 -3.331 -2.152 -2.572 
1520 -2.834 -1.989 -3.078 -1.327 -1.903 -2.670 -1.969 -3.335 -2.022 -2.796 
1524 -2.937 -2.104 -3.021 -1.382 -1.909 -2.671 -2.056 -3.334 -1.873 -3.003 
1528 -2.840 -2.044 -2.886 -1.411 -1.936 -2.672 -2.040 -3.336 -1.715 -3.083 
1532 -2.842 -2.171 -2.758 -1.410 -1.648 -2.673 -2.043 -3.340 -1.555 -3.085 
1536 -2.844 -2.189 -2.613 -1.430 -1.371 -2.674 -2.056 -3.347 -1.358 -3.091 
1540 -2.846 -2.227 -2.466 -1.435 -1.253 -2.676 -2.061 -3.342 -1.135 -3.096 
1544 -2.840 -2.231 -2.312 -1.440 -1.187 -2.677 -2.102 -3.346 -0.852 -3.099 
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Time Temperature, °C 
(S)  Plate No -  1   Plate No -  2  
 RTD-101 RTD-102 RTD-103 RTD-104 RTD-105 RTD-106 RTD-107 RTD-108 RTD-109 RTD-110
1548 -2.845 -2.282 -2.180 -1.429 -1.160 -2.679 -2.125 -3.348 -0.583 -3.102 
1552 -2.852 -2.314 -2.040 -1.391 -1.136 -2.710 -2.147 -3.351 -0.376 -3.105 
1556 -2.854 -2.345 -1.911 -1.342 -1.128 -2.712 -2.214 -3.349 -0.460 -3.107 
1560 -2.860 -2.363 -1.797 -1.323 -1.140 -2.715 -2.230 -3.354 -0.800 -3.112 
1564 -2.859 -2.430 -1.691 -1.333 -1.179 -2.718 -2.301 -3.355 -0.865 -3.114 
1568 -2.860 -2.519 -1.577 -1.361 -1.233 -2.719 -2.687 -3.357 -1.198 -3.116 
1572 -2.701 -2.518 -1.477 -1.406 -1.299 -2.722 -2.775 -3.359 -1.635 -3.254 
1576 -2.702 -2.589 -1.390 -1.452 -1.368 -2.725 -2.658 -3.400 -1.658 -3.331 
1580 -2.708 -2.670 -1.304 -1.503 -1.438 -2.724 -2.012 -3.351 -1.726 -3.501 
1584 -2.501 -1.818 -1.102 -0.957 -1.452 -0.865 -1.979 -3.325 -1.357 -3.524 
1588 -1.957 -1.589 -0.652 -0.324 -0.004 -0.059 -1.632 -2.987 -0.967 -2.997 
1592 -1.524 0.257 0.324 1.678 0.124 0.554 -1.407 -2.754 1.125 -2.775 
1596 -0.708 0.005 0.957 2.254 0.897 0.897 -0.291 -1.258 1.254 -2.658 
1600 0.012 1.127 1.750 2.857 1.750 1.124 0.440 -1.024 1.657 -2.012 
1604 0.935 1.897 1.958 3.541 1.958 1.567 1.120 0.003 2.035 -1.979 
1608 1.752 2.065 2.481 5.012 2.481 2.024 1.254 0.987 3.568 -1.632 
1612 2.587 3.222 3.038 6.617 3.038 2.665 1.657 1.265 3.996 -1.407 
1616 3.610 4.887 3.409 7.401 3.409 2.987 2.035 2.024 4.361 -0.291 
1620 3.954 5.526 3.897 8.264 3.897 3.024 3.568 2.578 5.367 0.440 
1624 5.027 6.093 4.376 8.822 4.376 3.967 3.996 3.012 6.225 1.120 
1628 5.864 7.631 4.871 9.665 4.871 4.354 4.361 3.697 8.125 2.035 
1632 6.752 8.113 4.909 10.275 4.909 5.124 5.367 3.998 8.987 3.996 
1636 7.709 8.585 5.149 11.101 5.149 6.358 6.225 4.634 10.325 4.361 
1640 8.624 9.358 5.382 12.039 5.382 7.010 8.125 5.078 11.112 5.367 
1644 10.214 9.771 6.220 12.844 6.220 7.774 8.987 5.967 12.004 6.225 
1648 11.354 10.090 9.842 13.394 9.842 8.025 10.325 6.024 13.698 8.125 
1652 13.028 10.789 12.295 13.839 12.295 9.236 11.112 6.325 14.554 12.295 
1656 13.937 11.041 13.989 14.127 13.989 11.236 12.004 8.245 15.687 13.989 
1660 14.222 12.001 15.251 14.693 15.251 13.625 13.698 9.024 17.235 15.251 
1664 15.678 14.042 16.031 15.288 16.254 16.324 14.554 10.332 18.324 16.254 
1668 16.967 15.809 16.998 16.043 18.354 18.010 15.687 11.654 19.035 18.354 
1672 16.921 18.756 17.524 18.976 19.023 19.035 17.235 12.657 20.001 19.023 
1676 16.324 19.032 17.833 20.012 19.325 20.001 18.324 14.254 20.114 19.325 
1680 15.844 18.874 17.691 20.876 18.975 19.987 17.833 14.393 20.001 18.975 
1684 15.686 18.577 17.253 20.654 18.679 19.503 17.691 14.208 19.987 18.679 
1688 15.344 18.363 17.019 20.321 18.455 19.203 17.253 14.155 19.503 18.455 
1692 15.300 18.111 16.851 20.231 18.029 19.119 17.019 14.204 19.203 18.029 
1696 15.181 17.988 16.679 20.221 17.876 18.989 16.851 14.166 19.119 17.876 
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Table C.2 Data for Brine Solution, Hot Water and Evaporator Plates of One  
                  Cycle for Ice Making and Defrosting (For Fig 5.6, Fig 5.7) 
Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
0 14.667 11.854 11.137 11.496 35.267 35.357 
4 14.657 11.821 11.117 11.469 35.288 35.378 
8 14.629 11.834 11.013 11.424 35.295 35.395 
12 13.579 11.846 10.997 11.422 35.309 35.399 
16 13.517 11.660 10.959 11.310 35.311 35.411 
20 13.456 11.637 10.886 11.262 35.323 35.413 
24 13.401 11.637 10.792 11.215 35.333 35.413 
28 13.360 11.630 10.788 11.209 35.340 35.421 
32 13.767 11.597 10.747 11.172 35.343 35.423 
36 13.707 11.410 10.785 11.098 35.347 35.427 
40 13.639 11.442 10.739 11.091 35.348 35.445 
44 13.579 11.444 10.574 11.009 35.348 35.448 
48 13.517 11.342 10.433 10.888 35.350 35.475 
52 13.456 11.298 10.172 10.735 35.374 35.474 
56 13.401 11.244 10.156 10.700 35.386 35.506 
60 13.360 11.154 9.893 10.524 35.386 35.521 
64 13.339 11.198 9.810 10.504 35.405 35.535 
68 13.340 11.117 9.857 10.487 35.415 35.539 
72 13.317 11.079 9.829 10.454 35.418 35.555 
76 13.264 10.946 9.843 10.395 35.424 35.564 
80 13.202 10.938 9.577 10.258 35.434 35.564 
84 13.136 10.931 9.422 10.177 35.436 35.596 
88 13.078 10.872 9.301 10.087 35.444 35.605 
92 13.013 10.775 9.116 9.9455 35.446 35.626 
96 12.953 10.765 9.034 9.8995 35.448 35.628 
100 12.889 10.755 8.905 9.83 35.451 35.631 
104 12.832 10.748 8.926 9.837 35.458 35.638 
108 12.773 10.728 8.192 9.126 35.463 35.683 
112 12.718 10.597 8.042 9.022 35.465 35.705 
116 12.661 10.466 7.894 8.960 35.466 35.706 
120 12.601 10.334 7.751 8.803 35.470 35.780 
124 12.543 10.205 7.612 8.773 35.477 35.775 
128 12.483 10.078 7.475 8.561 35.483 35.781 
132 12.422 9.953 7.339 8.411 35.508 35.778 
136 12.370 9.827 7.212 8.303 35.511 35.765 
140 12.319 9.701 7.086 8.192 35.525 35.765 
144 12.269 9.579 6.965 8.042 35.551 35.779 
148 12.218 9.454 6.850 7.894 35.558 35.781 
152 12.165 9.334 6.736 7.751 35.559 35.782 
156 12.114 9.218 6.622 7.612 35.563 35.784 
160 12.066 9.101 6.509 7.475 35.564 35.768 
164 12.015 8.986 6.398 7.339 35.567 35.774 
168 11.968 8.868 6.282 7.212 35.583 35.783 
172 11.915 8.749 6.166 7.086 35.590 35.779 
176 11.867 8.631 6.052 6.965 35.598 35.782 
180 11.821 8.519 5.943 6.850 35.598 35.780 
184 11.773 8.406 5.831 6.736 35.601 35.781 
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Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
188 11.735 8.292 5.720 6.622 35.609 35.784 
192 11.694 8.180 5.615 6.509 35.610 35.786 
196 11.668 8.069 5.507 6.398 35.620 35.788 
200 11.632 7.955 5.405 6.282 35.623 35.786 
204 11.594 7.850 5.306 6.166 35.627 35.789 
208 11.544 7.743 5.210 6.052 35.648 35.791 
212 11.491 7.635 5.110 5.943 35.649 35.790 
216 11.438 7.527 5.017 5.831 35.648 35.789 
220 11.386 7.424 4.922 5.720 35.651 35.794 
224 11.334 7.318 4.825 5.615 35.653 35.795 
228 11.281 7.213 4.732 5.507 35.654 35.796 
232 11.236 7.115 4.632 5.405 35.658 35.795 
236 11.194 7.016 4.536 5.306 35.658 35.797 
240 11.155 6.918 4.442 5.210 35.659 35.797 
244 11.113 6.817 4.347 5.110 35.702 35.798 
248 11.076 6.715 4.253 5.017 35.703 35.799 
252 11.038 6.618 4.159 4.922 35.710 35.798 
256 10.996 6.516 4.066 4.825 35.728 35.801 
260 10.953 6.422 3.976 4.732 35.729 35.802 
264 10.908 6.324 3.883 4.632 35.730 35.805 
268 10.864 6.226 3.792 4.536 35.803 35.803 
272 10.816 6.128 3.701 4.442 35.799 35.799 
276 10.772 6.030 3.612 4.347 35.804 35.804 
280 10.733 5.934 3.523 4.253 35.807 35.807 
284 10.687 5.839 3.433 4.159 35.809 35.809 
288 10.640 5.743 3.346 4.066 35.811 35.811 
292 10.592 5.651 3.260 3.976 35.812 35.812 
296 10.549 5.556 3.170 3.883 35.815 35.815 
300 10.499 5.470 3.085 3.792 35.817 35.817 
304 10.448 5.380 2.999 3.701 35.816 35.816 
308 10.406 5.290 2.915 3.612 35.818 35.818 
312 10.359 5.200 2.836 3.523 35.821 35.821 
316 10.309 5.112 2.756 3.433 35.823 35.823 
320 10.257 5.025 2.676 3.346 35.824 35.824 
324 10.206 4.937 2.594 3.260 35.824 35.824 
328 10.154 4.849 2.518 3.170 35.826 35.826 
332 10.095 4.766 2.439 3.085 35.827 35.827 
336 10.044 4.678 2.363 2.999 35.826 35.826 
340 10.000 4.597 2.284 2.915 35.831 35.831 
344 9.954 4.512 2.208 2.836 35.828 35.828 
348 9.912 4.431 2.129 2.756 35.829 35.829 
352 9.866 4.349 2.053 2.676 35.832 35.832 
356 9.819 4.266 1.976 2.594 35.830 35.830 
360 9.773 4.182 1.898 2.518 35.836 35.836 
364 9.728 4.100 1.823 2.439 35.841 35.841 
368 9.687 4.022 1.746 2.363 35.839 35.839 
372 9.644 3.944 1.670 2.284 35.839 35.839 
376 9.599 3.866 1.596 2.208 35.842 35.842 
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Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
380 9.549 3.783 1.524 2.129 35.845 35.845 
384 9.500 3.709 1.447 2.053 35.844 35.844 
388 9.458 3.629 1.375 1.976 35.847 35.847 
392 9.417 3.553 1.302 1.898 35.851 35.851 
396 9.377 3.475 1.228 1.823 35.853 35.853 
400 9.342 3.398 1.155 1.746 35.852 35.852 
404 9.300 3.325 1.085 1.670 35.860 35.860 
408 9.250 3.246 1.012 1.596 35.859 35.859 
412 9.209 3.170 0.944 1.524 35.862 35.862 
416 9.165 3.094 0.875 1.447 35.865 35.865 
420 9.125 3.020 0.804 1.375 35.869 35.869 
424 9.094 2.949 0.736 1.302 35.871 35.871 
428 9.056 2.877 0.670 1.228 35.868 35.868 
432 9.014 2.804 0.603 1.155 35.867 35.867 
436 8.970 2.730 0.536 1.085 35.870 35.870 
440 8.927 2.660 0.471 1.012 35.876 35.876 
444 8.883 2.589 0.408 - 35.896 35.896 
448 8.840 2.515 0.343 - 35.908 35.908 
452 8.799 2.445 0.280 - 35.937 35.937 
456 8.762 2.374 0.217 - 35.945 35.945 
460 8.723 2.307 0.149 - 35.982 35.982 
464 8.684 2.240 0.087 - 35.918 35.918 
468 8.642 2.174 0.024 - 35.959 35.959 
472 8.599 2.105 -0.038 - 35.915 35.915 
476 8.559 2.037 -0.098 - 36.000 36.000 
480 8.522 1.971 -0.160 - 35.958 35.958 
484 8.485 1.904 -0.221 - 36.016 36.016 
488 8.445 1.838 -0.281 - 36.010 36.010 
492 8.402 1.774 -0.343 - 36.042 36.042 
496 8.359 1.709 -0.404 - 35.997 35.997 
500 8.315 1.645 -0.463 - 36.066 36.066 
504 8.276 1.584 -0.522 - 36.021 36.021 
508 8.235 1.519 -0.583 - 36.049 36.049 
512 8.192 1.459 -0.641 - 36.079 36.079 
516 8.151 1.393 -0.702 - 36.044 36.044 
520 8.105 1.331 -0.759 - 36.102 36.102 
524 8.063 1.267 -0.817 - 36.055 36.055 
528 8.021 1.204 -0.876 - 36.029 36.029 
532 7.986 1.141 -0.934 - 36.026 36.026 
536 7.950 1.076 -0.991 - 36.002 36.002 
540 7.913 1.016 -1.049 - 36.048 36.048 
544 7.878 0.956 -1.105 - 36.083 36.083 
548 7.844 0.898 -1.164 - 36.041 36.041 
552 7.808 0.838 -1.221 - 36.112 36.112 
556 7.775 0.780 -1.280 - 36.070 36.070 
560 7.739 0.720 -1.334 - 36.075 36.075 
564 7.700 0.661 -1.390 - 36.098 36.098 
568 7.666 0.600 -1.444 - 36.057 36.057 
572 7.635 0.543 -1.496  36.049 36.049 
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Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
576 7.625 0.485 -1.550 - 36.078 36.078 
580 7.632 0.428 -1.602 - 36.165 36.165 
584 7.638 0.372 -1.656 - 36.122 36.122 
588 7.631 0.316 -1.708 - 36.232 36.232 
592 7.613 0.260 -1.760 - 36.116 36.116 
596 7.585 0.206 -1.809 - 36.121 36.121 
600 7.556 0.152 -1.861 - 36.141 36.141 
604 7.519 0.095 -1.912 - 36.150 36.130 
608 7.487 0.040 -1.963 - 36.155 36.115 
612 7.457 -0.014 -2.009 - 36.162 36.182 
616 7.426 -0.068 -2.061 - 36.161 36.161 
620 7.393 -0.122 -2.110 - 36.163 36.173 
624 7.359 -0.176 -2.159 - 36.165 36.206 
628 7.323 -0.225 -2.208 - 36.165 36.175 
632 7.292 -0.280 -2.254 - 36.165 36.291 
636 7.261 -0.330 -2.301 - 36.168 36.248 
640 7.233 -0.380 -2.348 - 36.170 36.300 
644 7.208 -0.432 -2.394 - 36.170 36.220 
648 7.178 -0.481 -2.441 - 36.171 36.229 
652 7.145 -0.531 -2.486 - 36.172 36.252 
656 7.113 -0.578 -2.532 - 36.174 36.244 
660 7.082 -0.629 -2.575 - 36.184 36.224 
664 7.055 -0.678 -2.619 - 36.186 36.286 
668 7.019 -0.728 -2.662 - 36.190 36.262 
672 6.976 -0.779 -2.706 - 36.245 36.245 
676 6.938 -0.827 -2.748 - 36.312 36.312 
680 6.905 -0.875 -2.794 - 36.266 36.266 
684 6.872 -0.920 -2.842 - 36.261 36.261 
688 6.845 -0.967 -2.891 - 36.275 36.275 
692 6.819 -1.015 -2.944 - 36.289 36.289 
696 6.792 -1.061 -2.998 - 36.301 36.301 
700 6.759 -1.109 -3.052 - 36.258 36.258 
704 6.732 -1.157 -3.102 - 36.252 36.252 
708 6.709 -1.207 -3.148 - 36.278 36.278 
712 6.683 -1.255 -3.196 - 36.311 36.311 
716 6.657 -1.303 -3.239 - 36.263 36.263 
720 6.624 -1.357 -3.280 - 36.307 36.307 
724 6.596 -1.395 -3.316 - 36.330 36.330 
728 6.572 -1.439 -3.353 - 36.307 36.307 
732 6.553 -1.483 -3.387 - 36.264 36.264 
736 6.529 -1.527 -3.422 - 36.289 36.289 
740 6.510 -1.575 -3.455 - 36.311 36.311 
744 6.493 -1.617 -3.491 - 36.338 36.338 
748 6.467 -1.659 -3.527 - 36.272 36.272 
752 6.442 -1.703 -3.561 - 36.340 36.340 
756 6.418 -1.744 -3.596 - 36.305 36.305 
760 6.396 -1.789 -3.630 - 36.317 36.317 
764 6.375 -1.829 -3.664 - 36.318 36.318 
768 6.349 -1.869 -3.698 - 36.329 36.329 
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Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
772 6.321 -1.911 -3.735 - 36.313 36.313 
776 6.292 -1.955 -3.772 - 36.327 36.327 
780 6.266 -1.997 -3.811 - 36.315 36.315 
784 6.241 -2.036 -3.848 - 36.359 36.359 
788 6.220 -2.075 -3.888 - 36.380 36.380 
792 6.199 -2.118 -3.929 - 36.339 36.339 
796 6.177 -2.157 -3.968 - 36.373 36.373 
800 6.154 -2.198 -4.008 - 36.383 36.383 
804 6.134 -2.241 -4.048 - 36.349 36.349 
808 6.120 -2.282 -4.088 - 36.407 36.407 
812 6.099 -2.319 -4.128 - 36.407 36.407 
816 6.073 -2.360 -4.169 - 36.376 36.376 
820 6.047 -2.397 -4.207 - 36.431 36.431 
824 6.023 -2.439 -4.242 - 36.385 36.385 
828 6.001 -2.476 -4.280 - 36.423 36.423 
832 5.982 -2.514 -4.312 - 36.444 36.444 
836 5.962 -2.556 -4.349 - 36.432 36.432 
840 5.932 -2.595 -4.382 - 36.449 36.449 
844 5.897 -2.632 -4.417 - 36.386 36.386 
848 5.873 -2.671 -4.453 - 36.468 36.468 
852 5.843 -2.705 -4.491 - 36.372 36.372 
856 5.818 -2.742 -4.534 - 36.435 36.435 
860 5.791 -2.777 -4.578 - 36.350 36.350 
864 5.765 -2.818 -4.622 - 36.405 36.405 
868 5.740 -2.855 -4.667 - 36.395 36.395 
872 5.713 -2.893 -4.713 - 36.417 36.417 
876 5.688 -2.930 -4.758 - 36.387 36.387 
880 5.664 -2.966 -4.798 - 36.439 36.439 
884 5.640 -3.003 -4.835 - 36.416 36.416 
888 5.614 -3.039 -4.870 - 36.421 36.421 
892 5.590 -3.074 -4.901 - 36.450 36.450 
896 5.566 -3.105 -4.931 - 36.387 36.387 
900 5.541 -3.139 -4.957 - 36.457 36.457 
904 5.508 -3.169 -4.980 - 36.433 36.433 
908 5.475 -3.198 -5.002 - 36.450 36.450 
912 5.451 -3.228 -5.024 - 36.361 36.361 
916 5.426 -3.250 -4.976 - 36.459 36.459 
920 5.407 -3.270 -4.881 - 36.413 36.413 
924 5.388 -3.297 -4.773 - 36.432 36.432 
928 5.369 -3.317 -4.668 - 36.462 36.462 
932 5.346 -3.336 -4.568 - 36.465 36.465 
936 5.327 -3.351 -4.479 - 36.489 36.489 
940 5.301 -3.356 -4.397 - 36.481 36.481 
944 5.277 -3.360 -4.324 - 36.475 36.475 
948 5.253 -3.358 -4.263 - 36.504 36.504 
952 5.236 -3.354 -4.213 - 36.504 36.504 
956 5.224 -3.346 -4.166 - 36.494 36.494 
960 5.206 -3.337 -4.131 - 36.510 36.510 
964 5.183 -3.323 -4.106 - 36.495 36.495 
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Time Temperature, °C Weight, kg  - 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
968 5.160 -3.310 -4.083 - 36.532 36.532 
972 5.143 -3.294 -4.061 - 36.506 36.506 
976 5.124 -3.279 -4.037 - 36.547 36.547 
980 5.112 -3.256 -4.011 - 36.535 36.602 
984 5.088 -3.239 -3.988 - 36.549 36.587 
988 5.068 -3.216 -3.961 - 36.566 36.549 
992 5.053 -3.190 -3.936 - 36.575 36.613 
996 5.041 -3.170 -3.904 - 36.580 36.617 
1000 5.027 -3.147 -3.868 - 36.584 36.594 
1004 5.007 -3.123 -3.833 - 36.587 36.535 
1008 4.993 -3.094 -3.799 - 36.594 36.566 
1012 4.973 -3.068 -3.762 - 36.602 36.631 
1016 4.959 -3.042 -3.727 - 36.613 36.580 
1020 4.942 -3.016 -3.689 - 36.616 36.584 
1024 4.925 -2.988 -3.654 - 36.617 36.619 
1028 4.903 -2.962 -3.622 - 36.619 36.619 
1032 4.884 -2.935 -3.590 - 36.619 36.575 
1036 4.866 -2.907 -3.556 - 36.621 36.616 
1040 4.849 -2.878 -3.520 - 36.631 36.632 
1044 4.830 -2.850 -3.479 - 36.632 36.650 
1048 4.807 -2.824 -3.441 - 36.634 36.662 
1052 4.786 -2.795 -3.403 - 36.650 36.698 
1056 4.765 -2.768 -3.364 - 36.662 36.691 
1060 4.750 -2.739 -3.328 - 36.675 36.723 
1064 4.734 -2.710 -3.294 - 36.680 36.691 
1068 4.722 -2.683 -3.257 - 36.681 36.634 
1072 4.711 -2.655 -3.221 - 36.688 36.681 
1076 4.694 -2.629 -3.184 - 36.691 36.675 
1080 4.671 -2.603 -3.151 - 36.691 36.680 
1084 4.644 -2.572 -3.121 - 36.698 36.745 
1088 4.614 -2.544 -3.087 - 36.691 36.621 
1092 4.592 -2.516 -3.056 - 36.693 36.731 
1096 4.569 -2.490 -3.024 - 36.703 36.688 
1100 4.550 -2.462 -2.990 - 36.714 36.735 
1104 4.530 -2.440 -2.959 - 36.719 36.780 
1108 4.514 -2.412 -2.926 - 36.723 36.751 
1112 4.497 -2.384 -2.894 - 36.730 36.703 
1116 4.487 -2.356 -2.860 - 36.731 36.765 
1120 4.469 -2.331 -2.826 - 36.735 36.740 
1124 4.215 -2.305 -2.795 - 36.740 36.744 
1128 4.195 -2.280 -2.766 - 36.740 36.752 
1132 4.178 -2.253 -2.739 - 36.742 36.789 
1136 4.159 -2.228 -2.710 - 36.744 36.744 
1140 4.150 -2.199 -2.684 - 36.744 36.693 
1144 4.137 -2.174 -2.656 - 36.744 36.719 
1148 4.127 -2.147 -2.631 - 36.745 36.691 
1152 4.127 -2.122 -2.606 - 36.749 36.744 
1156 4.126 -2.100 -2.582 - 36.751 36.742 
1160 4.120 -2.075 -2.558 - 36.752 36.730 
                                                                                                                   Appendix C 
 
Ice Harvesting System: An Experimental Investigation 98
Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
1164 4.112 -2.053 -2.534 - 36.755 36.714 
1168 4.106 -2.028 -2.511 - 36.761 36.764 
1172 4.098 -2.004 -2.493 - 36.763 36.749 
1176 4.094 -1.983 -2.471 - 36.764 36.755 
1180 4.098 -1.962 -2.452 - 36.765 36.774 
1184 4.097 -1.940 -2.434 - 36.768 36.761 
1188 4.093 -1.918 -2.417 - 36.767 36.768 
1192 4.077 -1.896 -2.399 - 36.774 36.767 
1196 4.060 -1.873 -2.382 - 36.777 36.783 
1200 4.040 -1.852 -2.366 - 36.780 36.783 
1204 4.015 -1.833 -2.351 - 36.780 36.740 
1208 3.988 -1.817 -2.335 - 36.783 36.777 
1212 3.970 -1.796 -2.319 - 36.783 36.763 
1216 3.960 -1.779 -2.306 - 36.789 36.780 
1220 3.953 -1.761 -2.294 - 36.812 36.812 
1224 3.946 -1.742 -2.279 - 36.820 36.848 
1228 3.934 -1.723 -2.268 - 36.827 36.837 
1232 3.922 -1.704 -2.257 - 36.831 36.847 
1236 3.917 -1.685 -2.245 - 36.835 36.835 
1240 3.906 -1.669 -2.236 - 36.837 36.820 
1244 3.890 -1.652 -2.224 - 36.844 36.831 
1248 3.873 -1.637 -2.213 - 36.847 36.844 
1252 3.847 -1.622 -2.197 - 36.848 36.827 
1256 3.812 -1.606 -2.187 - 36.868 36.868 
1260 3.785 -1.593 -2.174 - 36.868 36.897 
1264 3.769 -1.578 -2.157 - 36.875 36.927 
1268 3.750 -1.563 -2.137 - 36.879 36.931 
1272 3.733 -1.548 -2.116 - 36.879 36.881 
1276 3.713 -1.530 -2.094 - 36.881 36.875 
1280 3.696 -1.514 -2.072 - 36.882 36.882 
1284 3.681 -1.495 -2.053 - 36.889 36.879 
1288 3.669 -1.481 -2.038 - 36.894 36.879 
1292 3.657 -1.462 -2.020 - 36.897 36.868 
1296 3.645 -1.446 -2.007 - 36.906 36.915 
1300 3.626 -1.430 -1.996 - 36.913 36.935 
1304 3.604 -1.414 -1.983 - 36.915 36.930 
1308 3.581 -1.400 -1.971 - 36.917 36.934 
1312 3.562 -1.386 -1.957 - 36.918 36.927 
1316 3.543 -1.371 -1.946 - 36.919 36.918 
1320 3.522 -1.357 -1.937 - 36.922 36.929 
1324 3.504 -1.344 -1.926 - 36.927 36.961 
1328 3.487 -1.328 -1.915 - 36.927 36.947 
1332 3.474 -1.314 -1.905 - 36.929 36.951 
1336 3.458 -1.303 -1.898 - 36.930 36.930 
1340 3.442 -1.288 -1.893 - 36.930 36.906 
1344 3.422 -1.274 -1.881 - 36.930 36.960 
1348 3.399 -1.261 -1.872 - 36.931 36.978 
1352 3.374 -1.249 -1.863 - 36.934 37.003 
1356 3.348 -1.240 -1.851 - 36.935 37.010 
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Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
1360 3.330 -1.227 -1.838 - 36.938 36.919 
1364 3.307 -1.212 -1.830 - 36.941 37.026 
1368 3.278 -1.201 -1.820 - 36.943 36.913 
1372 3.247 -1.190 -1.812 - 36.946 36.889 
1376 3.215 -1.177 -1.802 - 36.946 36.917 
1380 3.195 -1.169 -1.794 - 36.947 36.980 
1384 3.174 -1.156 -1.787 - 36.951 36.894 
1388 3.160 -1.144 -1.777 - 36.960 36.984 
1392 3.148 -1.132 -1.768 - 36.961 36.938 
1396 3.137 -1.124 -1.765 - 36.964 36.922 
1400 3.129 -1.110 -1.755 - 36.968 36.972 
1404 3.120 -1.100 -1.752 - 36.969 36.969 
1408 3.109 -1.091 -1.746 - 36.972 36.943 
1412 3.100 -1.080 -1.741 - 36.973 36.946 
1416 3.085 -1.073 -1.734 - 36.978 36.979 
1420 3.065 -1.060 -1.729 - 36.979 36.930 
1424 3.048 -1.049 -1.721 - 36.979 36.994 
1428 3.039 -1.043 -1.718 - 36.980 36.941 
1432 3.031 -1.032 -1.710 - 36.980 36.968 
1436 3.029 -1.025 -1.701 - 36.984 36.964 
1440 3.025 -1.017 -1.696 - 36.987 36.987 
1444 3.015 -1.009 -1.684 - 36.987 37.008 
1448 2.996 -0.999 -1.669 - 36.992 37.000 
1452 2.978 -0.991 -1.648 - 36.994 36.973 
1456 2.955 -0.980 -1.625 - 37.000 36.946 
1460 2.933 -0.971 -1.606 - 37.003 36.987 
1464 2.913 -0.960 -1.587 - 37.008 36.979 
1468 2.900 -0.950 -1.569 - 37.010 36.992 
1472 2.886 -0.934 -1.553 - 37.026 36.980 
1476 2.866 -0.921 -1.542 - 37.026 37.046 
1480 2.837 -0.909 -1.529 - 37.035 37.026 
1484 2.804 -0.897 -1.518 - 37.043 37.035 
1488 2.774 -0.888 -1.507 - 37.043 37.073 
1492 2.747 -0.875 -1.499 - 37.045 37.043 
1496 2.722 -0.864 -1.490 - 37.045 37.043 
1500 2.698 -0.853 -1.478 - 37.046 37.045 
1504 2.678 -0.844 -1.470 - 37.057 37.045 
1508 2.659 -0.836 -1.462 - 37.068 37.125 
1512 2.642 -0.823 -1.454 - 37.070 37.133 
1516 2.629 -0.811 -1.446 - 37.081 37.147 
1520 2.620 -0.824 -1.438 - 37.093 37.153 
1524 2.607 -0.862 -1.431 - 37.103 37.221 
1528 2.586 -0.887 -1.421 - 37.115 37.222 
1532 2.564 -0.867 -1.416 - 37.126 37.230 
1536 2.544 -0.835 -1.418 - 37.137 37.230 
1540 2.531 -0.810 -1.427 - 37.148 37.230 
1544 2.520 -0.785 -1.435 - 37.159 37.233 
1548 2.501 -0.765 -1.432 - 37.171 37.233 
1552 2.484 -0.749 -1.426 - 37.182 37.236 
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Time Temperature, °C Weight, kg 
(S) Water-spray Brine-in Brine-out Hot-water Plate No-1 Plate No-2 
1556 2.470 -0.738 -1.415 - 37.194 37.236 
1560 2.459 -0.731 -1.402 - 37.205 37.238 
1564 2.444 -0.719 -1.390 - 37.216 37.242 
1568 2.436 -0.707 -1.380 - 37.238 37.244 
1572 2.425 -0.696 -1.369 - 37.242 37.258 
1576 2.415 -0.690 -1.361 - 37.244 37.258 
1580 2.401 -0.685 -1.355 - 37.258 37.260 
1584 2.390 -0.676 -1.346 - 37.016 37.104 
1588 2.383 -0.665 -1.339 - 37.005 37.100 
1592 2.373 -0.656 -1.332 - 37.000 37.067 
1596 2.362 -0.650 -1.328 - 36.996 37.056 
1600 2.348 -0.639 -1.323 - 36.995 37.052 
1604 2.332 -0.631 -1.315 - 36.995 37.052 
1608 2.318 -0.625 -1.309 - 36.645 37.045 
1612 2.304 -0.619 -1.303 - 36.562 37.043 
1616 2.285 -0.610 -1.295 - 36.562 37.032 
1620 2.265 -0.604 -1.288 - 36.562 36.962 
1624 2.247 -0.599 -1.284 - 36.562 36.962 
1628 2.236 -0.593 -1.276 - 36.561 36.961 
1632 2.224 -0.586 -1.270 - 36.553 36.960 
1636 2.216 -0.579 -1.266 - 36.552 36.960 
1640 2.208 -0.570 -1.260 - 36.552 36.959 
1644 2.195 -0.564 -1.255 - 36.551 36.750 
1648 2.180 -0.558 -1.249 - 36.550 36.750 
1652 2.172 -0.551 -1.243 - 36.129 36.749 
1656 2.163 -0.542 -1.237 - 36.129 36.749 
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LENGTH: 500 MM 
WIDTH:  650 MM 
THICKNESS   20 MM 
 
COPPER METAL 
THICKNESS:  2.0 MM 
 
COPPER PIPE (ANSI/ASME) 
OUTSIDE DIA:15.0±0.005 MM (1/2” φ) 
THICKNESS:  2.0±0.005 MM 
 
STUDS (INSIDE PLATE)








10 φ mm copper 
rod 
Square Groove  
Size: 20.0 mm width x 1.0 mm depth 
(To mill) (For both sides) 
 
 









































































































































Figure D.6 Piping Diagram from Heat Exchanger to Ice Making Plates 
